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Introduction

Design Example No. 1
Two-Span Bridge

PURPOSE This is the first of a series of seismic design examples developed for the
OF DESIGN FHWA. A different bridge configuration is used in each example. The
EXAMPLE bridges are in either Seismic Performance Category B or C sites. Each
example will emphasize different features that must be considered in the
seismic analysis and design process. The matrix below is a summary of the
features purposed for the first seven examples.
DESIGN DESIGN SUPER-
EXAMPLE EXAMPLE SEISMIC PLAN STRUCTURE PIER IABUTMENTIFOUNDATION| CONNECTIONS
NO. DESCRIPTION |CATEGORY|JGEOMETRY] TYPE TYZE TYPE TYPE AND JOR]TS
1 Two-Span SPC-C Tangent | CIP Concrete | Three-Column Seat Spread Monolithic Joint at Pier
Continuous Square Box Integral Stub Base Footings Expansion Bearing
Bent at Abutment
2 Three-Span SPC-B Tangent | Steel Girder Wall Type Tall Spread Elastomeric
Continuous Skewed Pier Seat Footings Bearing Pads
(Piers and Abutments)
AASHTO
3 Single-Span SPC-C Tangent Precast (N/A) Tall Spread Elastomeric
Square Concrete Seat footings Bearing Pads
Girders (Closed-In)
Monolithic at Col. Tops
4 Three-Span SPC-C Tangent | CIP Concrete | Two-Column Seat Spread Pinned Column at Base
Continuous Skewed Integral Footings Expansion Bearings
Bent at Abutments
Nine-Span Viaduct
5 with Four-Span SPC-B Curved Steel Girder | Single-Column Seat Steel H-Piles | Conventional Steel Pins
and Five-Span Square (Variable and
Continuous Structs. Heights) PTFE Sliding Bearings |
Sharply- Drilled Shaft
6 Three-Span SPC-C Curved CIP Concrete | Single Column{ Monolithic at Piers, Monolithic Concrete Joints
Continuous Square Box Steel Piles
at Abutments
AASHTO
7 12-Span Viaduct SPC-B Tangent Precast Pile Bents Seat Concrete Piles Pinned and
with (3) Four-Span Square Concrete (Battered and and Expansion Bearings
Structures Girders Plumb) Steel Piles

FHWA Seismic Design Course




Introduction

REFERENCE
AASHTO
SPECIFICATIONS

ORGANIZATION
OF EXAMPLE

Design Example No. 1
Two-Span Bridge

The examples conform to the following specifications.

AASHTO Division I (herein referred to as “Division I7)

Standard Specifications for Highway Bridges, American Association of
State Highway and Transportation Officials, Inc., 15th Edition, as
amended by the Interim Specifications-Bridges-1993 through 1995.

AASHTO Division I-A (herein referred to as “Division I-A” or the
“Specification”)

Proposed revisions to the AASHTO Standard Specifications for Highway
Bridges, Division I-A; Seismic Design, NCHRP Project 20-7, Task 45,
National Center for Earthquake Engineering Research, Buffalo, New
York, July 1994.

Layout of Example

Design Example Number 1 is divided into sections as described below.

Section Contents

I Introduction

II Flowcharts

III Analysis and Design using Single-Mode Spectral Method

~ with Basic Support Condition

v Analysis and Design using Single-Mode Spectral Method
with Spring Support Condition

\"% Analysis Using Uniform Load Method for Both Basic and
Spring Support Conditions

VI Analysis Using Multimode Spectral Method for Both Basic and
Spring Support Conditions

VII Notations

VIII References

X Input for Computer Analysis

FHWA Seismic Design Course 1-2



Introduction

ORGANIZATION
OF EXAMPLE
(continued)

Design Example No. 1
Two-Span Bridge

Summary of Analyses and Supports

As seen in the list of sections, this first example has been worked using three
different analysis techniques in order to demonstrate different analysis options the
designer can use. The analyses are:

m  Uniform Load Method,
m  Single-Mode Spectral Method, and
®  Multimode Method.

Also, the example has also been worked using two different support
conditions to show that two different support conditions produces
considerably different column and footing requirements. The conditions are:

1. The Basic Support Condition uses no soil springs, considers the full
Igross of the column, and allows the superstructure to slide
longitudinally at the abutments.

2. The Spring Support Condition, considers soil springs under supports,
uses one-half Igross of the column, and restrains the superstructure
longitudinally using the soil at the abutments.

The reader should be aware that the assumptions made regarding the
absence or presence of the soil springs and their effectiveness can have
considerable effects on the design and performance of the structure. The
choices of spring constants, spring strengths, and appropriate load-
displacement relations for the soil are an evolving science. Therefore, the
reader should expect that changes regarding the modeling of soil effects will
occur in the future. The assumptions for modeling soil springs are often
prescribed by local departments of transportation; therefore, the approaches
taken in this example may not conform to those used by some agencies.

A summary of these support conditions is given below.

Basic Support Spring Support
Condition Condition
Support Stiffness Rigid Springs _
Column Stiffness Igross 0.5 * Igross
Abutment Type Seat Type Stub. Wall
Restraint of Unrestrained Restrained
Superstructure Longitudinally Longitudinally

FHWA Seismic Design Course 13
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ORGANIZATION
OF EXAMPLE
(continued)

Design Example No. 1
Two-Span Bridge

Emphasis of Design Example No. 1

In the main body of the document (Section III), the example is worked
using the Single-Mode Spectral Analysis Method for the Basic Support
Condition. Following this in Section IV of the document, the same analysis
method is used in the design and analysis of the structure with the Spring
Support Condition.

The Uniform Load Method and Multimode Method analyses are included
in Sections V and VI to illustrate their application. These methods are
used with both the basic and spring supported conditions. After all the
analyses are explained, results are compared to highlight similarities and
differences. No design calculations are presented in Sections V or VI.

Finally, the following four additional issues have been treated in depth
due to their importance in seismic design.

= Development of plastic hinging forces in the transverse direction of a
multiple-column bent (See Design Step 7.4.2).

»  Selection of controlling forces for various components
(See Design Step 8).

»  Design of column transverse reinforcement (See Design Step 10.1).

»  Design size of footing under columns (See Design Step 11.1).

FHWA Seismic Design Course 14
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FLOWCHARTS This first example follows the outline given in detailed flowcharts

AND presented in Section II, Flowcharts. The flowcharts consist of a main
DESIGN STEPS flowchart, which generally follows the one currently used in AASHTO
Division I-A, and several subcharts that detail the operations that occur for
each Design Step.

The purpose for having Design Steps is to present the example in a logical
and sequential manner. This allows for easier referencing within the
example itself. Each Design Step has a unique number in the left margin
of the calculation document. The title is located to the right of the Design
Step number. Where appropriate, there is a reference to either Division I
or Division I-A of the AASHTO Specification beneath the title.

An example is shown below.

Unique Sequence ldentifier
and Flowchart Reference

[tem

Design Step 2.4 Seismic Performance Category
[Division I-A, Article 3.4]

AASHTO Specification /

|dentifier

FHWA Seismic Design Course 15
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HEADINGS | The header at the top of each page provides (in abbreviated notation) a

AND ICON description of the design example section. To help the user keep track of
the analysis and support types as they are discussed, an icon is included at
the bottom of each page in analysis Design Steps 6.3 and 6.4. The analysis
method, the support condition, and the direction of loading are indicated by
the icon, as shown below.

Design Step
Flowchart Heading

a4

Design Step 10 — Design Structural Components Design Example No. 1
Single Mode Method — Basic S pport Conditi Two-Span Bridge

\ Support Conditio

Analysis

FHWA Seismic Design Course 1-6
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USE OF In the example, two primary type fonts have been used. One type is
DIFFERENT similar to the type used for textbooks, and it is used for all section
FONT TYPES headings and for commentary. The other is an architectural font that
appears handwritten, and it is used for all primary calculations. The
material in the architectural font is the essential calculation material and
essential results.

An example of the use of the fonts is shown below.

/ / Textbook Font

Design Step 2.4 Seismic Performance Category
[Division I-A, Article 3.4]

The Seiemic Performance Category (SPC) is C. This i take
the Specification

Architectural Font . . . .
The SPC is a function of the Acceleration Coefficient an

FHWA Seismic Design Course 1-7
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USE OF The calculations have been performed using the program Mathcadg to
MATHCADg provide consistent results and quality control.

The variables used in equations calculated by the program are defined
before the equation, and the definition of either a variable or an equation
is distinguished by a “:= ‘ symbol. The echo of a variable or the result of a
calculation is distinguished by a ‘= symbol, i.e., no colon is used.

An example is shown below.

Definition of the Variable T, Based on

/——‘— Previously Defined Variables, W and k,

Along with Intrinsic Constants 2, T, and g
T:=2n \ ;Y(

Result of Calculation
/_ Indicated in Definition of T
T=0.7692 sec

Note «=u

Note that Mathcad® carries the full precision of the variables throughout
the calculations, even though the listed result of a calculation is rounded
off. Thus, hand-calculated checks made using intermediate rounded
results may not give the same number as that being checked.

Also, Mathcad@ does not allow the superscript “ * ” to be used in a variable
name. Therefore, the specified compressive strength of concrete is defined
as f. in this example (not f",).

FHWA Seismic Design Course 1-8
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Flowcharts

Design Example No. 1

FLOWCHARTS

Two-Span Bridge
Design Preliminary Design
Step | Chart 1
Y
Design Basic Requirements
Step2 Chart 2
Dosign Single-Span Bridge Design
Step 3 Chart 3
Design | SPC A Design
Step4 | Chart4
No ¥
Design Determine Analysis Procedure
Step5 Chart 5
v
Design Determine Elastic Seismic
Forces and Displacements
Pl o6 | Game
Design Determine Design Forces
Step7 Chart 7
v
Design Summary of Design Forces
Step ® Chart &
v
Desian Determine Design
”‘99 Digplacements
Stepd | Chart9
Design Design Structural Components
Step 10 Chart 10
v
Design Design Foundations
Steptt | Chart i
Y
Design Design Abutments
Stepi2 | Chart12
:::;; Design Settiement Slabs
Design . ‘Are Components
Stept4 Revige Structure Adeauate?
v Yes
Design Seismic Design Complete
Step15 Seismic Detalls

FHWA Seismic Design Course

Main Flowchart — Seismic Design AASHTO Division I-A
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Two-Span Bridge

FLOWCHARTS
(continued)

Chart 1 — Preliminary Design

FHWA Seismic Design Course 2-2



Flowcharts

Design Example No. 1

Two-Span Bridge

FLOWCHARTS
(continued)

::92"1 Applicability of the Specification
v
Design . .
Step22 Acceleration Coefficient
v
Design . .
Step23 Importance Classification
_Yy
oy
m’?;,‘ Seismic Performance Category
v
Design .
Step 25 Site Effects
L 2
Design " .
Step26 Response Modification Factors

v
( Return to Main )

FHWA Seismic Design Course

Chart 2 — Basic Requirements
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Two-Span Bridge

FLOWCHARTS
(continued)

Chart 3 — Single-Span Bridge Design

FHWA Seismic Design Course 2-4
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FLOWCHARTS
(continued)
Chart 4 — SPC A Design
FHWA Seismic Design Course 2-5



Flowcharts

Design Example No. 1

Two-Span Bridge
FLOWCHARTS
(continued)
Design Determine Maximum
StepS1 | Subtended Angle
v
Design Determine Maximum Span
Step 52 | |ength Ratio
2
Design Determine Maximum Bent/Pier
Sep53 | Stiffness Ratio
v
Step54 Determine Criticality of Bridge
L 2
Design Determine Whether Bridge
Step55 | is Regular
v
Design Determine Whether Curvature
Step56 | May Be Neglected
v
;:? 7 | Determine Analysis Procedure
lebum to Main )
Chart 5 — Determine Analysis Procedure
FHWA Seismic Design Course 2-6
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Design Example No. 1

Two-Span Bridge

FLOWCHARTS
(continued)

Design

Stop 61 Description of Model
L 2
Design | Bent and Abutment
Step 62 Foundation Stiffness
L7
Design Determine Forces and
step63 | Displacements in Transverse
Direction (Transverse Analysis)
l
v v v v
. Single-Mode Multimode
Procadure a’;ﬁx Load Procadure Spnsgcftal Procedure | Spectral Procadure | Time-History
1 Chart 6a 2 Method 3 Method 4 Method
Chart 6 b Chart6¢
| 1 _l | |
Design Determine Forces
step64 | and Displacements in
Longitudinal Direction
l
v v v v
. ingle-Mode Muitimod
Procadure m:fg L0241 | procedure ancgc;ai Procadure | Spectral ’ Procadure | Time-History
1 Chart 6a 2 Method 3 Method 4 Method
Chart 6b Chart 6¢
1 1 | ]

v
( Return to Main )

FHWA Seismic Design Course
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Two-Span Bridge
FLOWCHARTS
(continued)
r l ry ]
SD:::'ZTS Transverse 52:'24 Longitudinal
v v
Design | Calculate Static Design Calcuiate Static
Step63.1 | Displacements Step641 | Displacements
v
Design | Calculate Bridge Lateral Design | Caiculate Bridge Lateral
5p632 | criftness Step642 | criffecs
' L 2 : L 2
9,2:2 ; 3 | Calculate Period 913:2. : 3 | Caloulate Period
¥ v
Desgn | Calulate Static Earthqual Design | Calculate Static Earthquake
%P 634 LO ad 5;6? 644 Loa d
v ¥
Design Calculate Forces and Design Calculate Forces and
Stp635 | Displacements 5tep 645 | Digpiacements
(RetumtoChart 6 ) (RebumtoChart6)

Chart 6a — Uniform Load Method

FHWA Seismic Design Course 2-8
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Design Example No. 1

Two-Span Bridge
FLOWCHARTS
(continued)
[ ]
Design T Design o
Step 63 ransverse Step 6.4 Longitudinal
v Y
Design | Calculate Static Design | Calculate Static
Step631 | Displacements Step6.4.1 | Displacements
v v
Design | Calculate Alpha, Beta, Design | Calculate Alpha, Beta,
Sep632 | 4n4d Gamma S1p642 | 204 Gamma
L 2 : v
ey on3 | Calculate Period crepens | Caloulate Perod
v : L 2
cupens | Calcate Stai Loading v s | Caloulate Static Loading
Y L7
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(RetumtoCharc 6 ) (RetuntoChart 6 )
Chart 6b — Single-Mode Spectral Method
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Flowcharts Design Example No. 1

Two-Span Bridge

FLOWCHARTS
(continued)
I |
Design Design o
Step 63 Transverse Step64 Longitudinal
L 2 v
Design Design
Step 631 Develop Model Step 6:4.1 Deveiop Model
v v
Design | Calculate Mode Shapes Desgn | Calculate Mode Shapes
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2 v
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633 () | of Nodes " 16430} | of Nodes
_ L 2 ‘ L2
az:’gg 4 | Combination of Modes 5::2: 4 | Combination of Modes
(RetumtoChar 6 ) (RetunsoChart 6 )
Chart 6c — Multimode Spectral Method
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Flowcharts Design Example No. 1
Two-Span Bridge

FLOWCHARTS
(continued)
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v
;;gt‘z Determine Seismic Forces
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Design | Summary of Elastic
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Design Structural Members Design | Structural Members
Step 733 | and Connections Step731 | and Connections
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Desgn | Summary of Column
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Chart 7 — Determine Design Forces
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Design Example No. 1

Two-Span Bridge

FLOWCHARTS
(continued)

(o y—°

SPCCandD

Design
Step B,

Column or Pile Bent,
Design Forces

v
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Step 82

Pier Design Forces

vy
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Step 8.3
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Deeign
Step 833 | Connection to Cap Beam
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Design | Column Connection to
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Cap Beam Design Forces

Y

Design
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Step 8.6
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v
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Chart 8 — Summary of Design Forces
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Design Example No. 1
Two-Span Bridge

FLOWCHARTS
(continued)

%gsj Minimum Support Length
. L2
5;.‘:?;2 Design Displacements
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Chart 9 — Determine Design Displacements
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FLOWCHARTS
(continued)

Design Reinforced Concrete

Step101 | Column Design
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Design | Longitudinal
Step 1011 Rcinforccm
v
Design | Typical Transverse
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y
Design | End Region Traneverse
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Chart 10 — Design Structural Components

Design Example No. 1
Two-Span Bridge

2-14



Flowcharts Design Example No. 1
Two-Span Bridge
FLOWCHARTS
(continued)
:;g""_ 1 | Design Spread Footing
_ v
9:':;_, Forces at Bottom of Footing
v
50,;3:2 Stresses at Bottom of Footing
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mp‘ "“gj 3 | Finalize Footing Size
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Chart 11 — Design Foundations
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Flowcharts

FLOWCHARTS
(continued)

Design Example No. 1
Two-Span Bridge

52:?21 Design Shear Key
L2
5:'5,2"2 Design Bearings
v
;1;3 Transverse Force on Abutment.
* r
5‘:;?;4 Longitudinal Force on Abutment
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Chart 12 — Design Abutments
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Section II1
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Design Step 1 — Preliminary Design Design Example No. 1
Single-Mode Method — Basic Support Condition Two-Span Bridge

SECTION III

DATA

REQUIRED

SOLUTION

DESIGN STEP 1

ANALYSIS AND DESIGN USING SINGLE-MODE SPECTRAL
METHOD WITH BASIC SUPPORTS

The bridge is to be built near Glacier National Park, Montana. The soil is
a 250-foot-deep glacial deposit of sand and gravel.

Design the bridge for seismic loading using the Proposed Revisions to the
AASHTO Standard Specifications for Highway Bridges, Division I-A:
Seismic Design, 1995.

- PRELIMINARY DESIGN

The preliminary seismic design of the bridge has been completed and the
results are shown in this section.

The initial iterative design process, required to size the columns of the
intermediate bent is not shown here because it requires the knowledge of
techniques that will be discussed within the example itself. After these
techniques are understood, it is a simple matter to perform various quick
hand analyses to obtain preliminary sizes of the substructure elements.

In this example, 5-, 4-, and 3-foot-diameter columns were checked as
potential candidates for the bent. The 4-foot-diameter column was
selected because it resulted in a reasonable footing size and amount of
longitudinal column reinforcement. The initial configuration and
geometry of the bridge are shown in Figures 1a, 1b, 1c, and 1d. The
intended seismic resisting mechanisms are as follows. In the transverse
direction, both the superstructure and the relatively flexible bent act to
resist transverse forces. The superstructure essentially acts as a simply
supported horizontal beam that spans between pinned supports at the
abutments. This behavior is illustrated in Figure 2. In the longitudinal
direction, the intermediate bent columns are assumed to resist the entire
longitudinal seismic force. This behavior is illustrated in Figure 3.

The abutments are seat-type abutments with space behind the end
diaphragm that allows free longitudinal movement of the superstructure.
Due to the lack of longitudinal restraint at the abutment, the bent acts
alone to resist the longitudinal forces. The issue of plastic hinging forces
in the column is, therefore, addressed.

FHWA Seismic Design Course 3-1



Design Step 1 — Preliminary Design Design Example No. 1
Single-Mode Method — Basic Support Condition Two-Span Bridge

DESIGN STEP 1
(continued)

Abutment 1
Bent 2
Abutment 3

(

N . >

i Elevation | |
¢ Bearing ¢ Bearing

' 142-0" Center to Center 100-0" Center to Center l

145-6" BPVS-to-Center Bent 103-6" Center Bent-to-BPYS]

L

Plan

Figure 1a — Bridge Layout with Seat-Type Abutment
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' Design Step 1 — Preliminary Design Design Example No. 1

Single-Mode Method — Basic Support Condition Two-Span Bridge
DESIGN STEP 1
(continued)
| 72-9"
l : Post-Tensioned Box Girder -
R EY)

N T

i

3
e |

5.8

:O < =
5y ‘ 51_2n | 91_311 9‘ g
7 o N -
1._7,._/ (Typical) §_EQ ]
4-C" Diamete ~ a ? % g
-O"Di r > 5 (&)
(Tyvical) @ 23 g
=Q“1
‘ <
28-4-1/2" 28-4-1/2"
20 x 20' Square Footing

(Typical)

1\ Section
\_/

Figure 1b — Bridge Layout with Seat-Type Abutment

FHWA Seismic Design Course 8-3



Design Step 1 — Preliminary Design Design Example No. 1

Single-Mode Method — Basic Support Condition Two-Span Bridge
DESIGN STEP 1
(continued)
Footing
20-0" [
T
; /
o = Barrier = ” ;
5 na. =
EOT'J =~ \\1 Wingwall =
\\“si\uz::::: )
\\ S~ ~ b.
N I ©
Approximate Soil Line s
i 3-0"
=N

-

4 58 ]

Expansion Joint

15-0"

3-0"

E Footing
-0

73 Section
_/

Figure 1c — Bridge Layout with Seat-Type Abutment
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Design Step 1 — Preliminary Design Design Example No. 1
Singie-Mode Method — Basic Support Condition ‘ Two-Span Bridge

DESIGN STEP 1
(continued)

Barrier

15-0"

4\ Section
\_/

41_5“

5‘_8"

| l

G Ber 2

(5 Section
\_/

Figure 1d — Bridge Layout with Seat-Type Abutment

FHWA Seismic Design Course



Design Step 1 — Preliminary Design Design Example No. 1
Single-Mode Method — Basic Support Condition Two-Span Bridge

DESIGN STEP 1
(cqntinued)

Figure 2 — Transverse Seismic Behavior

Figure 3 — Longitudinal Seismic Behavior

FHWA Seismic Design Course 3-6



Design Step 1 — Preliminary Design Design Example No. 1

Single-Mode Method — Basic Support Condition Two-Span Bridge
DESIGN STEP 1 | The abutments are assumed to provide restraint in the transverse
(continued) direction. They also are assumed to allow free rotation about a vertical
axis.

In both the transverse and longitudinal directions, the bases of the
columns are considered fixed against rotation. Because the flexural
stiffness of the superstructure is large relative to the columns, the bent
columns tend to be nearly fixed at the top under both longitudinal and
transverse loads. The moment of inertia of the column was assumed to be
that of the full cross section, “Igross.”

Several types of bearings could be used to accommodate the expected
displacements. Elastomeric bearings with provision for sliding between
the bearing and the diaphragm under large displacements would work, as
would PTFE bearings against a sliding surface. The transverse restraint
would be provided by the abutment and its integral wingwalls acting
against the soil.

Superstructure

Properties of the structure and its elements are as follows.

L = 242:ft _ Overall length of bridge

Ay = 120- 7 Cross-sectional area of superstructure and
deck

Acp = 257 Cross-sectional area of cap beam

4
[yd = 51000-ft Moment of inertia of superstructure in
horizontal plane

L4 = 575t Moment of inertia of superstructure in
vertical plane

Ibf
fo:= 4OOO'—2 Compressive strength of concrete

n

FHWA Seismic Design Course 3-7



Design Step 1 — Preliminary Design Design Example No. 1

Single-Mode Method — Basic Support Condition Two-Span Bridge
DESIGN STEP 1 ki )
(continued) £, = 5600'—-E Young's modulus of concrete
in2 ( based on Division |, Article 8.7.1)
5 kip
E.=5184-10 = Equivalent Young's modulus in the units
ft used for the analyses
Substructure

The 4-foot-diameter circular columns each have moments of inertia and cross-
sectional areas as given below.

The columns are founded on spread footings that have been preliminarily sized
at 20 feet square and 4 feet thick.

TC'44 4 4
Ic = -t lc = 1257t Moment of inertia of
64 one column
7t'42 2 2
Ag = —4——'1“& A c = 12571t Cross-sectional area

of one column

FHWA Seismic Design Course 3-8



Design Step 2 — Basic Requirements
Single-Mode Method — Basic Support Condition

DESIGN STEP 2

Design Step
2.1

Design Step
2.2

Design Step
2.3

Design Step
24

Design Step
2.5

Design Example No. 1
Two-Span Bridge

BASIC REQUIREMENTS

Applicability of Specification
[Division I-A, Article 3.1]

The bridge has two spans that total 242 feet, and the bridge is made of
reinforced concrete. Thus, the Specification applies.

Acceleration Coefficient
[Division I-A, Article 3.2]

From Figure 3 of the Specification, the Acceleration Coefficient A is 0.28.

A site investigation by a qualified geotechnical engineer or seismic hazard
assessment specialist may be used to develop more accurate acceleration
data. Such an investigation is required if the structure is near an active
fault, if long-duration earthquakes are expected, or if design for a long
return period is required due to great importance of the structure. In
addition, some agencies may require acceleration coefficients that are
different than those given in the AASHTO Specification.

Importance Classification
[Division I-A, Article 3.3]

The Importance Classification (IC) of this bridge is taken to be Il. It is assumed
not to be essential for use following an earthquake.

Seismic Performance Category
[Division I-A, Article 3.4]

The Seismic Performance Category (5PC) is C . This is taken from Table 1 of
the Specification. '

The SPC is a function of the Acceleration Coefficient and the Importance
Classification.

Site Effects
[Division I-A, Article 3.5]

The site conditions affect the design through a coefficient based on the soil
profile. In this case, SOIL PROFILE TYPE II corresponds to 250-foot-deep
cohesionless soil (sand and gravel).

FHWA Seismic Design Course 3-9



Design Step 2 — Basic Requirements Design Example No. 1
Single-Mode Method — Basic Support Condition : Two-Span Bridge

Design Step The Site Coefficient S for this type soil is 1.2 per Table 2 of the Specification.

( continuzf) A geotechnical investigation may be made by qualified professionals to
establish site-specific seismic response information (e.g., site-specific
response spectra). This is typically done on a site-by-site basis. In some
cases, State Departments of Transportation (DOTs) have developed
representative spectra for soil types and seismic hazards in their
jurisdiction. These are then used in lieu of the information in Article 3.5.
Lacking such specific information, the structural engineer should decide
whether to have site-specific information generated or use the approach
given in this section.

Design Step Response Modification Factors
2.6 [Division I-A, Article 3.7]

Since this bridge is classified as SPC C, appropriate Response Modification
Factors (R Factors) must be selected for use later in establishing
appropriate design force levels.

In this case, Table 3 of the Specification gives the following R Factors.

R=5 For the substructure since multiple-column bents are used

R

]

0.6 For the superstructure to abutment connection (bearings and
shear keys)

These factors will be used to ensure that inelastic effects are restricted to
elements that can be designed to provide reliable, ductile response that
can be inspected after an earthquake to assess damage and that can be
repaired relatively easily. The foundations do not fit this constraint and
thus will be designed not to experience inelastic effects. For instance, the
bent foundations and superstructure elements will be designed to have
moment strengths greater than the maximum (plastic) moment that the

columns can develop.
DESIGN STEP 3 SINGLE-SPAN BRIDGE DESIGN
Not applicable.

DESIGN STEP 4 SEISMIC PERFORMANCE CATEGORY A DESIGN

Not applicable.
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Design Step 5 — Analysis Procedure Design Example No. 1

Single-Mode Method — Basic Support Condition Two-Span Bridge
DESIGN STEP 5 DETERMINE ANALYSIS PROCEDURE
Design Step Determine Maximum Subtended Angle
5.1 [Division I-A, Article 4.2]
The bridge is not curved in the horizontal plane.
Design Step Determine Maximum Span Length Ratio
5.2 [Division I-A, Article 4.2]
The maximum span length ratio is 1.42 = 142 f£t/100 ft.
Design Step Determine Maximum Bent/Pier Stiffness Ratio
5.3 [Division I-A, Article 4.2]
There are only two spans; thus this step does not apply.
Design Step Critical Bridge
5.4 [Division I-A, Article 4.2.3]
Assume that the bridge is not critical.
If the bridge is large, expensive, required to be functional immediately
following the design earthquake, or complex geometrically, then the
Specification recommends that time-history analyses (Division I-A
Procedure 4) be used to analyze the structure.
Design Step Regular Bridge
5.5 [Division I-A, Article 4.2]
Table 5 of the Specification gives the requirements for determining
whether a bridge is regular. The requirements are based on limiting
values of the parameters determined in the steps above.
The bridge is regular since there is no curve, and the span length ratio is less
than 3.
Design Step Curvature
5.6 [Division I-A, Article 4.2.2]

Not applicable; no curvature.
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Design Step 5 — Analysis Procedure Design Example No. 1

Single-Mode Method — Basic Support Condition Two-Span Bridge
Design Step Analysis Procedure
5.7 [Division I-A, Article 4.2]

FHWA Seismic Design Course

Since this bridge is not a single-span bridge and since it is not a SPC A
bridge, the analysis requirements of Article 4 must be satisfied. Table 4 of
the Specification is used to select the minimum analysis requirements.

From Table 4 of the Specification, either the Uniform Load Method
(Procedure 1) or the Single-Mode Spectral Method (Procedure 2), may be used
to analyze this structure since it has less than six spans.

These are the minimum methods that can be used; the Multimode Spectral
Method (Procedure 3) or the Time-History Method (Procedure 4) could be
used in lieu of Procedures 1 and 2.

For this example, Procedure 2 is used for the analysis.
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1
Single-Mode Method — Basic Support Condition Two-Span Bridge

DESIGN STEP 6 DETERMINE ELASTIC SEISMIC FORCES AND DISPLACEMENTS

Design Step Description of Model

6.1
The structural analysis program SAPOO (CSI, 1992) was used for the
analyses. The model used is shown in Figure 4 and includes a single line of
frame elements for the superstructure and individual elements for the columns
and cap beam.

P OF Fooy,

(Typical for 2)
y Cap Beam Properties

G\ovd Pro Chosen to Distribute Forces
[< Definivion to Outboard Columns

z

See Additional Figures for Support Boundary Conditions

Figure 4 — Structural Model of Bridge
Superstructure

As shown in Figure 4, the superstructure has been collapsed into a single
line of 3-D frame elements. This is a reasonable approach for most bridges
that have regular geometry. The model is used solely for the
determination of seismic forces, so the fact that such a “stick” model does
not give the correct forces for other loadings, for instance dead loads, is not
a concern. Many designers use such an approach for the seismic model,
and further discussion of setting up the seismic model is given by FHWA
(1987) and Caltrans (1994).

Enough nodes must be used along the length of the superstructure to
accurately characterize the response and forces. For a uniform cross
section such as this one, nodes at the quarter points are sufficient. Ifa
tapered box girder had been used, additional nodes may have been

FHWA Seismic Design Course 3-13



Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1

Single-Mode Method — Basic Support Condition Two-Span Bridge
Design Step required. Because the superstructure is integral with the bent, full
6.1 continuity is used at the seismic model’s superstructure-bent intersection.
(continued) Moments of inertia and torsional stiffness of the superstructure are based

on uncracked cross-sectional properties.
Bent

The bent is modeled with 3-D frame elements that represent the cap beam
and individual columns. In the actual structure, internal forces are
transferred between the superstructure and the bent in a nearly
continuous fashion along the length of the cap beam. In the seismic model,
the superstructure forces are transferred at the single point where the
superstructure and bent intersect. Due to this difference, the forces in the
cap beam from the seismic model do not well represent “actual” forces, and
the stiffnesses of the cap beam must be adjusted to better represent
“actual” distribution of forces to the columns. In the model, both the cap
beam moments of inertia and its torsional stiffness were increased by
several orders of magnitude. There is no precise rule for adjusting the
properties, although the columns should typically attract approximately
equal forces. Judgment must be used in assessing the values used.

Figure 5 shows the relation between the actual column and the “stick”
model of 3-D frame elements.

Centertine of
Superstructure
Elements (Out of Page)

[ ]
S - + - —-—%——A roximate
283 . ggr?troid of
« ' uperstructure
SAPOD Reporps—_—/ (Algo Center of Mass)
Intemal Forces Here,

I

Otherwise Include a Node Rigid End Zone to
Account for Stiffness
of Cap Beam

2533

Top of Footing Node
/_ Base Node, Center of

] Footing
2000 n;_’/

Figure 5 — Details of Column Elements
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1
Single-Mode Method — Basic Support Condition Two-Span Bridge

Design Step
6.1
(continued)

Design Step
6.2

The upper ends of the column elements have a rigid end zone to account
for the stiffness of the cap beam. A separate element was not used here
since SAP90 reports internal member forces at the end of the rigid zone.
In this case, the rigid zone extended from the superstructure work line to
the soffit of the superstructure. Some designers prefer to use a shorter
end zone to account for flexibility of the joint region.

The work line of the superstructure was taken at the geometric center of
the box girder. This was the location assumed for the centroidal axis early
in the design. As the cross section becomes better defined, the location of
the work line should be moved to the actual centroid. In this case, it was
not. However, the difference this introduces is small since the actual
centroid is but 3 inches higher than the center of the box.

Only one element was used for the column between the top of footing and
the superstructure. The length of the column in this case did not warrant
additional elements. If the clear height of the column had been much
longer or if the columns had a tapered or flared cross section, additional
elements would have been used. For this model, the moments of inertia
and torsional properties of the columns are based on an uncracked section.
There are data to suggest that the actual column flexural stiffnesses,
particularly at actual seismic load levels, are somewhat less than those
corresponding to the uncracked section. This is discussed in more detail in
Section IV.

Bent and Abutment Foundation Stiffnesses

Bent Foundations
The footings were considered fixed against both translation and rotation.

Such an approach is often used for the footings, particularly for
preliminary analyses and for “bounding” the response. It is rare that
spread footings and supporting soil are stiff enough to produce fixed
conditions. The actual stiffness of the soil can be included by estimating
spring constants for the soil. This is considered in Section IV. As an
approximation to the stiffness of the footing and soil for this model, the
elastic properties of the column were used for an element that extended
from the top of the footing to the mid-depth of the footing. There is no
unique rule for handling this.
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1
Single-Mode Method — Basic Support Condition Two-Span Bridge

Design Step Additionally, the location of the node representing the bottom of the “stick”
) 6.2 model varies from designer to designer. For the case where the base is
(continued) considered fixed, this is less of a consideration than when springs are
included. If springs are included it is important to coordinate with the
geotechnical engineer in developing spring constants. This includes
coordinating the position of the footing node. For instance, the node
location may be set at the top of the footing, and the geotechnical engineer
then develops constants based on everything below the top of the footing.

Abutments

The abutments were not directly modeled, nor was the soil flexibility
accounted for. Restraints were applied to the model as shown in Figure 6.

The restraints act either normal to or colinearly with the superstructure
work line. They are also located at the centerline of the bearings in the
longitudinal direction. For a regular bridge with no skew, this is a
reasonable approach.

/
\

3

/I\ PRI

Support Restraint
Typical for All Three
Columns

Note: Vector Arrows Indicate Support Restraint in the
Direction Shown.

Figure 6 — Details of Supports for Basic Foundation Model
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1

Single-Mode Method — Basic Support Condition Two-Span Bridge
Design Step | The model allows longitudinal response that is unrestrained at the
. 62 abutment. A gap between the end of the superstructure and the abutment
(continued)

backwall that is larger than the expected seismic displacement must be
included if no longitudinal force is to be developed. Depending on the site
acceleration coefficient, soil conditions, and bridge configuration, this gap
may be a reasonable size to accommodate with available joint
configurations, or it could be too large.

In such a case, the longitudinal movement would be unrestrained until the
superstructure came into contact with the abutment backwall. Then a
longitudinal force would develop. This effect can be modeled and is
described in the Seismic Design and Retrofit Manual for Highway Bridges,
FHWA (1987).

The abutments are considered fixed against translation in the transverse
direction. The forces required to produce such fixity would be developed
by the soil acting against both the abutment wingwalls and acting against
the backwall of the abutment. These forces would be passed through the
abutment and into the superstructure via the abutment shear keys. The
actual flexibility of the soil-abutment system can be modeled, and this is
discussed in Section IV.

Torsional response of the superstructure is restrained in the model by the
abutments. Such fixity is assumed to occur as the result of the gravity
contact forces existing between the superstructure and the bearings.
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1
Single-Mode Method — Basic Support Condition : Two-Span Bridge

Design Step Transverse Analysis, Single-Mode Spectral Method
6.3 [Division I-A, Article 4.4]

The Single-Mode Spectral Method is used for the analysis of the bridge.

For regular bridges, a reasonable estimate of the seismically induced
inertial forces can be made by considering the response of the structure in
a single mode of vibration, hence the name Single-Mode Spectral Method.
Typically, regular configuration structures predominantly respond to
earthquake ground motion in their fundamental modes of vibration. The
fundamental modes are those with the longest period in each primary
direction. The shape of these modes can usually be approximated by the
deformed shape of the structure when its self-weight is applied in the
direction under consideration.

Because the weight of most bridges is nearly uniform along their lengths,
a uniform load is often applied to calculate the deformed shape. The
Single-Mode Spectral Method is part of a category of dynamic analysis
techniques called “generalized single-degree-of-freedom systems.”
Thorough discussion of such techniques can be found in Clough and
Penzien (1993) or other standard structural dynamics texts.

This method could be applied using only hand calculations. However,
SAP90 will be used so that all the member internal forces and all the joint
displacements are obtained at one time. This is considerably easier than
performing all the calculations by hand. However, certain elements of the
analysis will be done by hand, and simple checks of the intermediate
answers will be performed by hand. Such checks help the designer gain
confidence in the results.

Design Step Static Displacements
6.3.1 [Division I-A, Article 4.4, (Step 1)]

The displacements of the bridge under a uniform transverse load as shown in
Figure 7 are calculated. The displacements resulting from a 100-kip/foot
loading are given in Table 1.

Basic Spring
Traneverse | Longitudinal | Traneverse | Longitudinal

Uniform Load
Mm ——
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1

Single-Mode Method — Basic Support Condition Two-Span Bridge
Design Step
6.3.1 3 Abutment 3
(continued) s

Abutment 1

Figure 7 — Uniform Load

Table 1
Transverse Displacements for 100-kip/foot Uniform Load

Displacements (feet)
Abut 1 /4 Span 1/2 Span 3/4 Span  Bent 2 1/4 Span V2 Span  3/4 Span Abut 2
0.0000 0.0658 o.az21e 0.1488 01454 0.1254 0.0921 0.0489 0.0000

The load intensity may be set at 1.0 force per length. However, the
loading is often set to an arbitrary higher value to provide larger forces
and displacements. This avoids the use of many small numbers, and the
results may be scaled down later.

Transverse | Longitudinal | Traneverse | Longitudinal

Uniform Load

L. . Multimode
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1
Single-Mode Method — Basic Support Condition Two-Span Bridge

Design Step
6.3.2

Calculate q, B, and y Factors
[Division I-A, Article 4.4, (Step 2)]

fhc factors, @, B, and y are calculated using the displacements determined in
the previous step and Division |-A, Equations (4-5); (4-6), and (4-7),
respectively, as shown below.

L
a = vg(x) dx
0 Division I-A
Eqn (4-5)
L
B = w(x) v g(x) dx
0 Division I-A
Egn (4-6)
L
2
Y = W(x) v g(x)" dx
o Division I-A
Eqn (4-7)

v 5(x) i the displacement along the length of the bridge.
w(x) is the weight of the bridge per unit length.
L i the total length of the bridge.

The equations as given in AASHTO are written in integral form, whereas
the displacements are known only at discrete locations. Typically,
numerical integration is used to calculate the three factors. This has been
done using the trapezoidal rule, where the average value of the variable to
be summed for each incremental length is calculated and multiplied by the
appropriate length. This has been set up using a spreadsheet in Table 2.
The intermediate results are given for the quarter points along the bridge,
and the final summations (integrations) are given at the bottom of
Columns 5, 6, and 7 of the table.

Basic Spring
Traneverse | Longitudinal | Traneverse [Lomgitudinal
Uniform Load
Multimode
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1

Single-Mode Method — Basic Support Condition Two-Span Bridge
Design Step The results are o = 23.104 ft2
6.3.2 B =464.4k-ft
(continued) - Y= 55.96 k-ft2
Table 2
AASHTO Single-Mode Spectral Analysis Method
for Calculation of Seismic Load
Assumptions: P, = 100.0 Kkft A= 0.2
g= 322 ftleecc ~ 25°A= 070
w(x) = 201 Kkift S = 12
1 2 3 4 5 o 7 &
Displ Due Equiv.
Node Tributary | to Uniform Static EQ
Distance Length Loading Loading

Location X dx v (x) a(x) B () v () p.(x)
(ft) (ft) (t) ®) | kfr) | k&) | k)
Abut 1 0.0 0.0 0.0000 0.00 0.00 0.00 0.00
14 pt 25.5 5.5 0.0668 1.22 2455 1.69 8.03
12 pt 71.0 25.5 01218 2.256 68.02 6.98 14.23
5/4_ pt 106.5 255 01488 4.80 26.54 13.19 17.37
Bent 2 142.0 2%.5 0.1454 522 104.94 15.43 16.97
4 pt 167.0 25.0 0.1252 2358 67.99 9.25 14.62
12 pt 192.0 25.0 0.0921 2.72 54.61 6.07 10.76

Sl4 pt 217.0 25.0 0.0489 176 Z5.44 2.73 5.71

Abut 3 242.0 25.0 0.0000 0.61 12.29 0.60 0.00

Sum = 242.0 23.10 464.28 55.96
(continued on next page)

Basic Spring
Transverse | Longitudinal | Transverse [Longitudinal
Uniform Load
Multimode
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Design Step 8 — Determine Elastic Forces and Displacements Design Example No. 1

Single-Mode Method — Basic Support Condition Two-Span Bridge
Design Step
6.3.2 Table 2 (continued)
(continued) AASHTO Single-Mode Spectral Analysis Method

for Calculation of Seismic Load

Summary of Coefficients
a= 2310 f° o = sum of [ v,(x) “d]
B=  464.38 k-ft B = sum of [ w(x) *v,(x) * dx ]
y= 5596 k-ft° = sum of [w(x) * v,(x) * " dx ]

Calculate Period T, C, and p,(x)

T= 0172 sec T=2n"(y/p,"g"a)"
c,= 130 C,=12'A' /T or
C, (min) = 0.70 C,=C, or 25%A (whichever is less)
p(x) = 16.8 *v,(x) P.(x) =B " C, /7" w(x) " v,(x)

The numerical integration used in the table for q, B. and v is described below.
As an example, the calculation of each of these terms is given for the 1/2 point
of Span 1. It should be noted that the values of a, B, and y at the 1/2 point
actually represent the values of these variables between the 1/4 and 1/2 pointe
of Span 1.

0.1218 + 0.0688

(04 half_pt = > 35.5 a half_p‘b = 3.38
0.1218 + 0.0688
B half_pt = > '20.1:35.5 B half_pt = 68.00
Basic Spring
Transverse | Longitudinal | Transverse | Lorgitudinal

Uniform Load

Single-Mode | emmmm—m—n

Muttimode
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1
Single-Mode Method — Basic Support Condition Two-Span Bridge

Design Step
6.3.3

Design Step
6.3.4

0.1218% + 0.0688%

TY half_pt = 2 :20.1-35.5 Y half_pt = 6.98

Fundamental Period
[Division I-A, Article 4.4, (Step 3)]

The period is calculated using Equation (4-8) of the Specification. This has
also been calculated in the table and the result is given below.

T=0.172 sec

Equivalent Transverse Load
[Division I-A, Article 4.4, (Step 4)]

The equivalent lateral load is defined by Equation (4-9) of the
Specification. When only discrete displacements are known along the
length of the bridge, the result of Equation (4-9) will be a unique intensity
of loading for each displacement point.

The intensities of loading for the various points are given in Column & of
Table 2.

The constant Cg in Equation (4-9) relates the period of the structure to the
amount of lateral force that the earthquake induces. The Specification
defines Cg as

12°A'S

C5 =

RS

Division I-A
Egn (3-1)

Where A is the acceleration coefficient.
S is the site coefficient.
T is the period.

The value given by Equation (3-1) need not exceed 2.5 times A, which is equal to
0.70. As a result, the value of Cg is capped at this maximum value for low
periods. The form of Cg for this bridge is given in Figure 8.

Basic Spring
Transverse | Lorgitudinal | Transverse Lorgitudinal
Uniform Load
Single-Mode | semmmmmsane
Muttimode
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1
Single-Mode Method — Basic Support Condition Two-Span Bridge

Design Step If a site-specific response spectra had been generated by a geotechnical
6.3.4 engineer, that spectra would have been used instead of Equation (3-1).
(continued) This substitution is allowed per Division I-A, Article 3-6.

O
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Figure 8 — Reélation Between Elastic Seismic Response
Coefficient and Period

Design Step Displacements and Member Forces
6.3.5 [Division I-A, Article 4.4, (Step 5))

The loads determined in the previous step are then applied to the bridge
and the response determined. In this case, the loads are applied as shown
in Figure 9. The loading is assumed to vary linearly between the quarter

points.
Basic Spring
Tranverse | Longitudinal | Transverse | Longitudinal
Uniform Load
Single-Mode ————
Multimode
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1

Single-Mode Method — Basic Support Condition Two-Span Bridge
Design Step
. 6.3.5 3 Abutment 3
(continued) , A /?. :

Abutment 1 ’/b/)g

Figure 9 — Single-Mode Spectral Loads for Transverse Direction

The response values of the structure, both internal forces and displacements,
are given in Table 3.

Basic Spring
Traneverse | Longitudinal | Traneverse |Longitudinal
Uniform Load
Single-Mode | semmmm—
Multimode
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Design Step 6 — Determine Elastic Forces and Displacements
Single-Mode Method — Basic Support Condition

Design Example No. 1
Two-Span Bridge

Design Step
6.3.5 Table 3
(continued) Response for Single-Mode Method, Transverse Direction,
and Basic Foundation
Forces and Moments
Longitudinal Transverse
Shear | Moment | Shear |Moment| Axial
(kips) | (kip-ft) | (kips) | (kip-ft) | (kips)
Abutment 1 0 0 1277 583 0
Center |Top 0] 0 77.6 1062 0
Bent Bottom 0 0 77.8 910 0
2
Outboard |Top 8.1 10 77.2 1053 | 425
Bottom &1 94.7 77.2 202 425
Abutment 3 0 0 1241 828 0]
Displacements (ft)
Abut1| 14pt | 12pt | B/4pt | Bent2 | 14pt | 12pt | 3/4pt |Abut
0 0.0095 0.017 10.0208 | 0.0204 | 0.0175 | 0.0128 [0.0068] 0
Figure 10 illustrates the nomenclature used with Table 3. The same
nomenclature will be used with all the subsequent tables that have the
same form.
The SAPOO input file for this analysis is FITSM4C.
It is seen in the table that longitudinal forces are developed in the columns
of the bent even though loading is only applied in the transverse direction.
This is due to the unequal spans. Since the bent is not in the center of the
bridge there is some rotation about a vertical axis that is induced in the
bent. This then causes longitudinal forces to develop in the columns.
Basic Spring
Tranoverse | Lorgitudingl | Tranoverse |Loraituding]
Uniform Load
Multimode
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1

Single-Mode Method — Basic Support Condition Two-Span Bridge
Design Step £
6.3.5 E 3
(continued) y S 3
g 3
X =
5 2.7

z Soffit of Cap Beam
Longitudinal Shear. Transverse Spcar
Transverse Moment Longitudinal Moment

Longitudinal Shear Longitudinal Moment

Transverse Shear * Torque (Not Reported)

\
N~
Traneverse Longitudinal Moment

Moment 1 Axial [

!
Moment (Not Reported) *
!

Abutment 1 Bent 2 Abutment 3

Figure 10 — Nomenclature for Results

v 6.3 Check No. 1 Transverse Direction

This is a hand check of the transverse fundamental period of the bridge as
calculated by Single-Mode Method of the AASHTO Specification. Since
the force applied to the bridge is directly a function of the period, this
check is helpful in assessing whether a reasonable force will result.

Assume that half the mass of the bridge is resisted by the bent alone. Then
use the bent stiffness to determine the period.

Recall the following values for the bridge.

L = 242-ft Overall length of bridge
Basic Spring
Transverse | Longitudinal | Traneverse |Longitudinal
Uniform Load
Single-Mode | emmmsmmmmmm—
Muttimode
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1

Single-Mode Method —

Design Step
6.3.5
(continued)

Basic Support Condition Two-Span Bridge
Ag = 120-ft2 Cross-sectional area of deck
Agp = 257 Cross-sectional area of capbeam

kip
E, = 518400'—2 Young's modulus for concrete

ft
H = 2723t Approximate height of columns (clear height

plus extension into footing)

lg = 1257-ft* Moment of inertia of columns
Ag = 125747 Area of columns

Calculate the weight of the structure, including all the superstructure, the cap
beam, two traffic barriers, and half of the columns. Half of the columns are
assumed tributary to the superstructure and half to the foundations,

kip
Y conc = 0’150';—5 Density of reinforced concrete
The cap beam is approximately 60 feet long, and the two barriers weigh

0.9 kip/foot.
H kip
W= 1AL+ AL 60-ft + .S'AC'E Y conc + 0'9.?1:—-1—

Total weight of bridge

W = 4876-kip Weight of bridge
Basic Spring
Transverse | Longitudinal | Transveree Longitudinal
Uniform Load
Si le-Mode ——
Multimode
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1

Single-Mode Method — Basic Support Condition Two-Span Bridge
Design Step Stiffness of bent
6.3.5
(continued) 12E I c\ kip
ky =3 | ky, = 11492-
H fe

Period based on half of bridge weight considered tributary to bent

W

T=27 T = 0.510-sec

The period determined from the Single-Mode Method was 0.172 second.
The hand calculation is 378 percent larger than this number. This is
clearly a poor estimate of the period. The reason is that the bridge
behaves more like a simply supported beam in the transverse direction.

¥" 6.3 Check No. 2 Transverse Direction

Calculate the transverse fundamental period considering the superstructure
as a simple beam.

The stiffest load path for transverse load is through the superstructure to
the abutments rather than through the columns to the spread footings.
Thus, the fundamental transverse period may be estimated using the
standard expression for the fundamental period of vibration of a simply
supported beam with uniform distribution of mass and stiffness. Because
the bent stiffness is much less than the superstructure, the bent may be
neglected.

The expression for the period may be found in any structural dynamics
text. In this case, Clough and Penzien (1993) was used. The vibration
shape is that of the sine function evaluated between 0 and /2 radians, as
shown in Figure 11. '

Basic Spring

Traneverse | Longitudinal | Traneverse | Longitudinal
Uniform Load
Single-Mode | wmesmmmmm—
Multimode
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1

Single-Mode Method — Basic Support Condition Two-Span Bridge
Design Step
6.3.5 — «
(continued) . [ ]
fr h
E,l,w—Constants
L

Vibration

Shape of +&— =
First Mode | ~~~~_____ - -

LTI
oin L

Period of —
Vibration in 7= 2 Wlél (sec)
First Mode mi9

Figure 11 — Vibration of Simply Supported
Beam with Uniform Stiffness and Weight

Recall the following values for the bridge.

W = 4876 kip Weight of bridge, including capbeam
and columns
kip
Ec = 515400'—2 Young's modulus of concrete
ft
L= 242ft Length of bridge
lya = 51000-ft* Moment of inertia of superstructure about

the vertical axis

Basc Spring
Transverse | Longitudinal | Transverse | Longitudinal

Uniform Load
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1

Single-Mode Method — Basic Support Condition Two-Span Bridge
Design Step The mass of the bridge per unit length is given by
6.3.5
(continued) 2
W 0.626-kip—
m = — m = 0. *kip——
gL 4 2

The period then is given by

m'L4

2
T == T =0.181+sec
T

E

A ¢!

yd

The period determined from the Single-Mode Method was 0.172 second,

‘which is within 6 percent of the value determined by the check. This is a

much better check than the first method because a better approximation of
the response was assumed. The importance of understanding the dynamic
response is emphasized by the results of the checks. If a poor
approximation is used in the check, the results of the actual analysis may
be questioned. Thus, several quick checks should be performed where
possible.

Basic . Spring
Transverse | Longitudinal | Transverse | Lorgitudinal
Uniform Load
Single-Mode | smmmmmmm—n
Multimode
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1

Single-Mode Method — Basic Support Condition Two-Span Bridge
Design Step Longitudinal Analysis, Single-Mode Spectral Method
6.4 [Division I-A, Article 4.4]
Ferform a longitudinal analysis using the basic foundation condition.
Design Step Static Displacements
6.4.1 [Division I-A, Article 4.4, (Step 1)]

The displacements of the bridge due to a uniform longitudinal loading are
calculated. These are given in Table 4.

Table 4
Longitudinal Displacements for 100-kip/foot Uniform Load
Displacements (feet)
Abut 1 /4 Span 1/2 Span 3/4Span  PBent 2 /4 Span V2 Span  3/4 Span Abut 2
2551 2550 2547 2542 2535 2539 2541 2543 2543

Inspection of the displacements indicates that for longitudinal loading
they are nearly the same for all points along the bridge. The method
shown in Table 2 could be used to determine the equivalent loading or it
could be approximated using the average displacement. The average
displacement method is described below and the tabular method is used
for longitudinal loading with spring supports.

Recall the following values.

ki
w = 20.1'—p Weight of bridge per unit length (including
fr capbeam and columns)
v = 254t Approximate longitudinal displacement under
100 kip/ft load (from SAPOO run FILSM4C)
L = 242:ft Length of bridge
Basc Spring
Tranoverse | Longitudinal | Transverse | Lorgitudinal
Uriform Load
Single-Mode —
Multimode
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1

Single-Mode Method — Basic Support Condition Two-Span Bridge
kip o
Po = 100'—{; Uniform load applied in the longitudinal

Design Step
6.4.2

Design Step
6.4.3

FHWA Seismic Design Course

direction

Calculate a, B, and y Factors
[Division I-A, Article 4.4, (Step 2))

Calculatea

Because the displacement does not vary along the length, Equation (4-5) of
the Specification gives

‘L o = B14.7-f7

CalculateB

Because neither the displacement or the weight varies along the length,
Equation (4-6) of the Specification gives

Bi=wv L B = 12355«kipft

Calculate vy

Because the displacement and weight are constant along the length,
Equation (4-7) of the Specification gives

Y= wv oL y = 31382+ kip ft°

Fundamental Period
[Division I-A, Article 4.4, (Step 3)]

The period of the bridge in the longitudinal direction is given by

T=0.79"sec
Division I-A
Egn (4-6)
Basic Spring
Tranoverce | Longitudinal | Transverse | Longitudinal |
Uniform Load
[ Singie-Mode fr—
Multimode
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1
Single-Mode Method — Basic Support Condition Two-Span Bridge

Design Step Equivalent Longitudinal Load
6.4.4 [Division I-A, Article 4.4, (Step 4)]

The elastic seismic response coefficient Cg is given by the following
equation. Additionally, recall that A and S are

A = 0.28 5 =12
2
. 1.2-5605-/\'5
5 = — C5 = 0.471
T5 Division I-A
Egn (3-1)

Note that the constant 1.2 in Equation (3-1) carries units of seconds raised
to the 2/3 power. This is the result of A and S being nondimensional and
the requirement that Cs also be nondimensional.

Cs need not exceed 2.5* A, which is equal to 0.70. This limit does not control in
the longitudinal direction.

Thus, the equivalent lateral load is given by

5'C5 kip
Wy po = QAT —
Y ft Division I-A

Egn (4-9)

Pe =

Design Step Displacements and Member Forces
6.4.5 [Division I-A, Article 4.4, (Step 5)]

The response vélucs of the structure, both internal forces and displacements,
are given in Table 5. The SAPOO input file for this analysis is FILSMPE.

At this point, the assumption that the abutments offer no restraint to the
longitudinal movement may be assessed.

Basic Sprirg
Trancverse | Longitudinal | Transverse | Longitudinal
Uniform Load
Multimode
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1
Single-Mode Method — Basic Support Condition Two-Span Bridge

Design Step The displacements at the abutments are 0.242 foot at either end. This is
6.4.5 2.9 inches, which is easily accommodated with expansion joints. Thus, the
(continued) assumption made originally is reasonable.

If the displacement had been too large, the abutment soil resistance and
provided gap would be combined to produce a secant stiffness, and the
analysis would be repeated. FHWA (1987) provides discussion of this
procedure.

Table 5
Response for Single-Mode Method, Longitudinal Direction,
and Basic Foundation

Forces and Moments

Longitudinal Transverse
Shear |Moment| Shear |Moment] Axial
(kips) | (kip-ft) | (kips) | (kip-ft) | (kips)
Abutment 1 0 0 0 0 105
Center |Top N 9978 0 0] 2355
Bent Bottom 77 9566 0o 0 355
: Outboard [Top 760 9790 0 0 355
Bottom | 760 | 9481 0 ) 365
Abutment 3 0 0 0 0] 21

Displacements (ft)

Abutt | 1/4pt 12pt | S/4pt | Bent2 | Y4pt | 1/2pt | Bl4pt | Abut 3
02417 |0.2416 (02413  |0.2408 |0.2401 |0.2404 |0.2407 10.2408 |0.2409

Basic Spring
Transverse | Longitudinal | Traneverse | Longitudinal

Uniform Load
Single-Mode ases—
L. . Multimode
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1

Single-Mode Method — Basic Support Condition Two-Span Bridge
Design Step v 6.4 Check No. 1 Longitudinal Direction
6.4.5
(continued) Calculate the longitudinal stiffness and period of the bridge if the

superstructure is considered rigid.

Recall the following values.

le = 1257-#* Moment of inertia of one column
H = 2733ft Height of columns (clear height plus
extension into footing)

kip

E. = 518400 — E of concrete
2

ft

W = 4876 kip Weight of bridge

Because the superstructure is considered rigid, the lateral stiffness of the
bent will be that of three columns fixed against rotation at both ends, but free
to translate at the top.

\
12E ool o) (ip
K = ————/5 K = 11492 —
Ho ft

The pcriod i then given by the standard expression.

W
T=27n |— T = 0.722 sec
g'K Division I-A

Eqn (4-3)

This value is within 9 percent of the previously calculated longitudinal
fundamental period. The deck is not rigid. Thus, the assumption that it is
rigid artificially increases the structure stiffness, thereby reducing the
period.

Basic - Spring
Transverce | Longitudinal | Traneverce Longitudinal
Uniform Load
MO&C ———
Multimode
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1
Single-Mode Method — Basic Support Condition Two-Span Bridge

Design Step This check was based upon the assumption that the superstructure was
6.4.5 rigid. An upper bound to the longitudinal period could be obtained by
(continued) considering the superstructure to have zero flexural stiffness. The columns
would then, effectively, act as cantilevers fixed at their base. The reader
‘can perform this calculation simply by substituting “3” for the constant
“12” in the equation for stiffness.

v’ 6.4 Check No. 2 Longitudinal Direction

This check accounts for the stiffness of the superstructure by determining
the longitudinal stiffness using the moment distribution method.

Calculate the stiffness of the bridge subject to a concentrated longitudinal
load applied at the top of the columns. Then use this to calculate the
fundamental period of vibration in the longitudinal direction.

Recall the following.

4= 575" Moment of inertia of deck and superstructure
Iy = 312.57-f1" Moment of inertia of three columns
Ly = 142-ft Length of left span
L, =100t Length of right span
H = 27.34ft Height of columns (clear height plus
extension into footing)
kip
Eg = 515400'——2 Young's modulus
ft of concrete

Basic Spring
Transverse | Lorgitudinal | Traneverse | Longitudinal
Uniform Load
Single-Mode S—
Muttimode
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Design Step 6 — Determine Elastic Forces and Displacements
Single-Mode Method — Basic Support Condition

Design Step
6.4.5
(continued)

i 5‘|d 3
Kk, = >l k., = 430"
rd - 4 Lr rd =™
b k, =138+
kC -g G=1.5
k
id
DF | := DF| = 0.348
Kig + kpg + K¢
k
: rd
DF!‘ = DFP‘ = 0494
Kig * kg k¢
k
c
DF == DF . = 0158
kld * krd * kc

Design Example No. 1
Two-Span Bridge

Relative stiffness of left
span (use "modified"
stiffness to simplify the
distribution of moments)

Relative stiffness of
right span

Relative stiffness of
bent columns

Distribution factor for
left span

Distribution factor for
right span

Distribution factor for
bent

For longitudinal loading of the bridge, the longitudinal sway case is the only
moment distribution that must be carried out. For this sway case, restrain
the column to superstructure joint from rotating and apply a sway
displacement. The actual displacement is arbitrary. Thus, for convenience, let
the displacement correspond to that which would produce a 1000 kip-ft
moment in the column. Then distribute the moments. See Figure 12.

The shear carried by the columns is

[ . (842~ 921) kipfy

V = 64.5-kip
H
Basic Spring
Transverse | Longitudinal | Traneverse Longitudinal
Uniform Load
ﬁmlc—Modc —
Multimode
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1

Single-Mode Method — Basic Support Condition Two-Span Bridge
Design Step
6.4.5 -548
(continued) I 348

158

:
g
:

fu

1000
79
921

3

Figure 12 — Distribution of Sway Moments
for Longitudinal Loading

Using the conjugate beam method (or moment-area method), the deflection at
the top of the columns may be calculated. Because the bases of the columns
are considered fixed, the deflection of the columns is simply the moment of the
curvature diagram taken about the top of the columns. See Figure 13.

NEK:
B42IE I, . ‘:

S
N
9RVE ),
Figure 13 — Curvature Diagram and
Deflected Shape of Columns
Basic Spring
Transverse | Longitudinal | Traneverse |Longitudinal
Uniform Load
Single-Mode [rrem———"
Multimode
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1

Single-Mode Method — Basic Support Condition Two-Span Bridge
Design Step My = 842-kipft My = 92'kipft  Moments at top and
645 bottom of columns,
(continued) respectively
The deflection at the top is then
1 12 1
6 = M <Mt+ Mb)‘HZ‘_.— - Mt'HZ.‘—
Ecolp 23 2
3 = 0.00637ft

The stiffness of the bridge in the longitudinal direction is then

kip
K =10119-—
ft

7
i
>l<

Then the period of vibration can be calculated if the weight of the bridge is
known.

W = 4876 kip Weight of bridge
’ w
T=2m |[— T =0.76% sec
g'K Division I-A

Eqgn (4-3)

The Single-Mode Method longitudinal fundamental period is 0.791 second,
which is about 3 percent higher than that calculated here. The reason is
that the actual column has a rigid end zone of 2.83 feet where it frames
into the cap beam. It has been neglected here to simplify calculations.

Basic Spring
Transverse | Lorgitudinal | Transverse [Lorgitudinal

Uniform Load
| Single-Mode Sm——
Muttimode
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Design Step 7 — Determine Design Forces Design Example No. 1
Single-Mode Method — Basic Support Condition Two-Span Bridge

DESIGN STEP 7

INTRODUCTION

DETERMINE DESIGN FORCES
FOR BASIC SUPPORT CONDITION

As previously discussed, for the “basic support condition” under seismic
loading, the bridge behaves much differently in the longitudinal direction
than it does in the transverse direction. Under longitudinal seismic loads,
the bridge is free to slide at the abutments. All the longitudinal seismic
load is therefore taken by the intermediate bent columns.

Under transverse seismic loads, the bridge is wide relative to its length,
and the superstructure acts as a horizontal diaphragm spanning between
the abutments. Because the bent columns are flexible in the transverse
direction relative to this diaphragm, the columns take a small percentage
of the transverse seismic load.

Therefore, for this bridge, inelastic response is expected in the longitudinal
direction, but not in the transverse direction. The reason is that the
plastic hinging moment capacity of the columns, resulting from the column
reinforcement design using the longitudinal modified design moments, are
larger than the elastic moments in the transverse direction. As a result, it
is permissible according to the Specification to omit the consideration of
plastic hinging in the transverse direction.

However, for the purposes of demonstrating the approach, plastic hinging
will be considered in the transverse direction. The results will also be
used throughout the remainder of the example. This is conservative and
therefore leads to slightly higher design shear forces for the columns and
slightly higher plastic hinging forces transferred from the column to the
cap beam and footing. The conservatism, in this case, is not unduly large.

It should be noted that conservatism with respect to shear design is not a
bad practice. The penalty for having columns with shear strengths less
than that corresponding to the maximum expected forces may well be
brittle failure that leads to collapse. Such failures have occurred in past
earthquakes.
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Design Step 7— Determine Design Forces Design Example No. 1

Single-Mode Method — Basic Support Condition Two-Span Bridge
Design Step Determine Nonseismic Forces
7.1
Design Step Determine Dead Load Forces

7.1.1
The dead load forces are summarized in Table 6 below. Because this is a
continuous post-tensioned bridge, the secondary effects due to post-
tensioning should also be included, but are left out of this example.

Table 6
Dead Load Forces with Basic Supports
Longitudinal Force Transverse Force Vertical
v, M, v, M, P
Location Load Case (kips) (k-ft) (kipe) (k-ft) (kips)
Abut 1 Dead Load 0 0 0 0 1075
Bent 2, Top
Exterior Column |Dead Load (0] 266 (0] (o] 1098
Abut 3 Dead Load o} o) o} 577
Design Step Determine Seismic Forces
7.2
Design Step Summary of Elastic Seismic Forces
7.2.1

As was discussed previously, the Single-Mode Spectral Method results are
used to determine the modified design forces.

A summary of the full elastic seismic forces for an earthquake along each of
the principal axis (both longitudinal and transverse) is shown in Table 7, which
i5 a condensed version of results from Tables 3 and 5.

The column forces listed are those for the exterior columns. These forces
will be used to determine the design forces so that the combination of
nonzero longitudinal and transverse earthquake forces can be shown. The
forces on the center column are slightly larger, although the difference
does not affect the number of bars selected.
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Design Step

7.2.1
(continued) Table 7

Full Elastic Seismic Forces with Basic Support

Longitudinal Force Transverse Force Vertical
v, M, v, M, P
Location Load Case (kipe) (k-ft) (kips) (k-ft) (+/- kips)
Abutment 1 Longitudinal Analysis 0 0 % 0 105
Traneverse Analysis 9] 0 1277 583 0
Bent 2, Top Longitudinal Analysis 760 9790 0 0 36
Exterior Column Transverse Analysis & 10 77 1053 43
Abutment 3 - Longitudinal Analysis 0 0 9 ) 2an
Transverse Analysis o] o) 1241 828 0

Design Step Combination of Orthogonal Seismic Forces
7.2.2 [Division I-A, Article 3.9]

Before the seismic forces are combined with the dead load to create the
modified design forces, the seismic forces along the two principal axes must
be combined in LC1 and LC2 (without dead load). See Table 8 for a
summary of these forces.

The definition of LC1 and LC2 is as foliows.

LC1 =100 percent of the Longitudinal Analysis Results + 30 percent of the
Transverse Analysis Results

LCZ2 = 30 percent of the Longitudinal Analysis Results + 100 percent of the
Transverse Analysis Results

Note that all the forces in LC1 and LC2 are the full elastic seismic forces.

These forces are combinations using the full elastic seismic results and
have not been modified by the R Factor yet. At this stage, the designer
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Design Step 7 — Determine Design Forces
Single-Mode Method — Basic Support Condition

Design Example No. 1
Two-Span Bridge

Design Step could elect to check for these forces combined with dead load, if other load
7.2.2 cases such as stream flow control the size of the substructure.

(continued)

follows.

M= (10" M) + (0.3 * M)
M= (1.0*9790) + (0.3 * 110 ) = 9823 k-ft

All other forces in the table are calculated similarly.

For example, in Bent No. 2, the longitudinal column moment for LC1 is derived as

Table 8
Orthogonal Seismic Force Combinations

LC1 and LC2 with Basic Supports

Longitudinal Force Transverse Force Yertical
v, M, v, M, P

Location Load Case (kips) (k-ft) (kips) (k-ft) (+/- kips)
Abutment 1 Load Case 1 0 0 383 175 105
Load Case 2 0 0 1277, 583 32
Bent 2, Top Load Case 1 762 9823 23 316 4
Exterior Column Load Case 2 236 3047 77 1053 53
Abutment 3 Load Case 1 0 ] 372 248 21
Load Case 2 0 0 1241 828 63

Design Step Determine Modified Design Forces

7.3 [Division I-A, Article 7.2.1(A)]

FHWA Seismic Design Course

For design of members and foundations, the modified design forces replace
the Group VII load combination found in Table 3.22.1A of Division L
These modified forces, along with the forces associated with plastic

hinging in the columns, are used in the seismic design of the various
components of the bridge.
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Design Step 7 — Determine Design Forces Design Example No. 1

Single-Mode Method — Basic Support Condition Two-Span Bridge
Design Step The modified design forces use the R Factor in modifying the elastic
7.3 seismic forces. Looking at the entire bridge as a system, the intent of the
(continued) Specification is to force the plastic hinging to occur in the columns.
Therefore, inelastic action is prevented from occurring in the cap beam or
foundation.
There is a distinction between modified design forces for a) structural
members and connections, and b) foundations.
Design Step Modified Design Forces for Structural Members and Connections
7.3.1

The Specification makes a distinction between the modified forces for
members and connections verses the modified forces for foundations
calculated in Design Step 7.3.2. Use Equation (7-1) in Division I-A to
calculate the maximum forces in each member.

Group Load =1.0 (D + B + SF + E + EQM) Division I-A
Egn (7-1)

For this example, forces B, SF, and E are assumed zero, only D and EQM
forces are combined. The equation reduces to

Group Load =10 (D + EQM )
Where EQM = (LC1 or LC2 forces) divided by R

a) Response Modification Reduction Factor, R
[Division I-A, Article 3.7, Table 3]

The R Factor is used to modify EQM, and applies to specific forces for
specific members. The decision of which R value to apply to each member
is a critical one. R is never directly applied to the axial load nor to the

shear force in a column. Although when the plastic hinging forces in the
column are calculated in Design Step 7.4, it will be shown how both axial
and shear forces are affected indirectly.
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Single-Mode Method — Basic Support Condition Two-Span Bridge
Design Step In this example, R reduces the seismic column moments, but increases the
7.3.1 seismic lateral shear force on the connection of the superstructure to the
(continued) abutment. Recall that R was determined in Design Step 2.6, and a summary of

the R values used to modify EQM is presented below.

R=50 For moments in multiple column bents
R=08 For shear and axial connection force of superstructure to abutment
R=10  For connection of column to superstructure or foundation

b) Calculate the Modified Design Forces with EQM

Once the R values have been established, the value of EQM can be
calculated.

Table 9 summarizes the modified design forces. The R value used for each
force is given in the table.

For example, in Bent No. 2, the longitudinal column moment using LC1 is derived
as follows.

1
M=(D+EQR) [
M = (366 + 9823/5) = 2331 k-ft
All other forces in the table are calculated similarly.
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Single-Mode Method — Basic Support Condition Two-Span Bridge
Design Step
7.3.1 ' Table 9
(continued) Modified Design Forces for Structural Members

and Connections with Basic Supports

Longitudinal Force Transverse Force Vertical Force
4 M, v, M, P e P i
Location Load Case (kips) (k-ft) (kips) (k-ft) (kips) (kips)
R Factor Used in EQM {1 - 0.8 Not Used 0.8 0.8
Abutment 1 Load Case 1 0 - 479 - 1206 944
Load Case 2 0 - 1596 - 114 1036
Bent 2, Top R Factor Used in EQM |1 50 1 5.0 1 1
Exterior Column Load Case 1 762 23531 23 €3 147 1049
Load Case 2 236 975 77, 2n 152 1045
R Factor Used in EGM |1 - 0.8 Not Used |0.8 0.8
Abutment 3 Load Case 1 0 - 465 - 841 313
Load Case 2 (% - 1551 - 656 498
V Gom 7Y

Design Step Modified Design Forces for Foundations
7.3.2 [Division I-A, Article 7.2.1(B)]

Use Equation (7-2) in Division I-A to calculate the maximum forces in the
bent column foundations.

Group Load =1.0 (D + B + SF + E + EQF) Division I-A
Egn (7-2)

For this example, forces B, SF, and E are assumed zero, only D and EQF forces
are combined. The equation reduces to

Group Load =1.0 (D + EQF )

Where EQF = (LC1 or LC2 forces) divided by R
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Design Step 7 — Determine Design Forces Design Example No. 1
Single-Mode Method — Basic Support Condition Two-Span Bridge

Design Step a) Recall the Response Modification Reduction Factor, R
7.3.2 [Division I-A, Article 7.2.1(B)]
(continued)

R’=1for calculating the modified design forces in the foundation.
b) Calculate the Modified Design Forces with EQF
Table 10 summarizes the values of EQF modified design forces. The forces at

the bases of the columns have been calculated in the same manner as those
previously calculated for the tops of the columns.

For example, in Bent No. 2, the longitudinal column moment using LC1 is derived

as follows. -
e L
M=(D+EQR) /
M= (3566 + [9481x 1.0 + 95 x 0.30]/1.0) = 9876 k-ft
Legtle,

All other forces in the table are calculated similarly.

Table 10
Modified Design Forces for Foundations
with Basic Supports
Longitudinal Force Transverse Force Vertical Force
v, M, v, M, P P o
Location Load Case (kips) (k-ft) (kips) (k-ft) (kips) (kips)
R Factor Used in EQF |1 - 1 Not Usea {1 1
Abutment 1 Load Case 1 ] - 383 - neo 970,
Load Case 2 0 - 1277 - 107 1044
Bent 2 R Factor Used in EQF |1 1 1 1 1 1
Exterior Column Load Case 1 762 9876 23| - 271 n47| - 1049
Load Case 2 236 3305 77 902 n52 1045
R Factor Used in EQF |1 - 1 Not Used |1 1
Abutment 3 Load Case 1 0 - 372 - 786 366
Load Case 2 0 - 1241 - 640 5141
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Single-Mode Method — Basic Support Condition Two-Span Bridge
Design Step Plastic Hinging Forces
7.4 '

Design Step
74.1

Before the forces due to plastic hinging can be calculated, the preliminary
longitudinal column reinforcement must be determined.

Preliminary Column, Piers, or Bent Design
[Division I-A, Article 7.6.2 (A and B)]

The previous design step derived the Seismic Group Loads to be used in
the seismic design of the bridge. This design step focuses on the
preliminary design of the Bent No. 2 columns. Both the longitudinal and
transverse reinforcement in the column will be designed for the seismic
load case. ‘

Depending on the Seismic Performance Category, the column may be
controlled by dead load combined with seismic loads, or other loads such
as live loads or stream flow loads. This example deals only with the
seismic load combinations.

Division I-A, Article 7.6.2(b) mentions moment magnification in the
columns. Currently, the magnitude and method of computing magnified
moments for seismic loadings are under review by AASHTO. Some refer
to the Division I, Article 8.16.5; others feel that moment magnification
during seismic loadings should not be included for concrete columns.

For concrete columns, a good approximation to account for a magnified
moment is to multiply the maximum axial load in the column by the full
elastic deflection at the column top. This additional moment is then added
to the primary seismic moment before designing the reinforcement.
Because the columns in this example are stiff, and the effect small,
magnification has been ignored.

Basic substructure data for column design
f = 4000 psi Concrete strength

Circular column section properties

bw = 40t
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Single-Mode Method — Basic Support Condition Two-Span Bridge
Design Step b 2
A W 5
JTAL s A = 1257f
(continued) 9 4 g9

a) Summary of Modified Design Forces for the Preliminary Column Design
[Division I-A, Article 7.2.3]

Below is a summary of the controlling Modified Design Forces for the
preliminary column design, taken from Table 9. By inspection, LC1 controls.

Pmax , := 1146 kip Maximum axial load
Pmin , := 1050-kip Minimum axial load
M = 2331 kip ft Longitudinal moment
M = 63 kip ft Transverse moment

For a circular column, the modified biaxial bending moment can be converted to
a moment about a single axis by

._} 2 2 _ L
Mu.— ML +MT Mu—2552klpﬁ;

The above forces will be used in the design of the longitudinal reinforcement in
the column.

b) Calculate the ¢ Factor for Both the Maximum and Minimum Axial Load
for Use with M,

Division I-A, 7.6.2(B) specifies a ¢ factor that varies from 0.9 to 0.5
depending on the axial load. Because the lower bound of ¢ equals 0.5
when the axial stress exceeds 0.2*f ’c» column charts that use a lower
bound of ¢ equal to 0.7 are not applicable.

For this example problem, the nominal capacity of the column is plotted as
P, M, without a ¢ factor. Therefore, the factored loads must be divided
by ¢ before being plotted on the capacity chart. See Figure 14 for the
general curves for design capacity, nominal capacity, and plastic capacity.
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Single-Mode Method — Basic Support Condition Two-Span Bridge
Design Step
) 7.4.1 Nominal Capacity Py, My,
(continued) A _
. =10
Plastic Moment
ityM, = 1.
Design Capacity / Capacity My =13 My
, OM
X
3 /’\
o
05P, =05
o —-
O Varies Between—/ N N
Mn 13 My
051008
09M,

M (i)

Figure 14 — Column Interaction Curves, General
Compute the maximum and minimum column axial stress, G max and 6 min-
!’maxu = 1146 -kip Pminu = 1050 ~kip

2
Ag = 1257t Gross area of the column
Ccross section

Fmaxu
Opmax = T Oy = ©33°psi
9
Pminu
Omin = A Oppin = D80 +psi
g
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Single-Mode Method — Basic Support Condition Two-Span Bridge

Design Step
7.4.1
(continued)

FHWA Seismic Design Course

Fer Division I-A, Article 7.6.2(B), ¢ = 0.5 when the maximum axial stress
exceeds 0.2*F’ ¢, and varies linearly from 0.5 to 0.9 for stresses less than

0.2*f¢. See Figure 15,

09 — /-¢ Varies Linearly

¢ Factor

0 O2xf',

Compressive Stress, 0

Figure 15 — ¢ Factor versus Compressive Stress
fc = 4000 psi 0.2 f; = 800 psi

Because the column axial stresses Omax and Omjn are less than 0.2*f, both
Pmax and Omin are between 0.9 and 0.5.

O may is associated with the maximum axial load

Omax

0.2'f

O may = 0.9~ (0.9-05) O nax = 058

c
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Design Step O®min is associated with the minimum axial load.
7.4.1
(continued) O min

0.9 -
i = 0.2

(0.9 - 05) = 0.6

q)r‘ﬂim
c

¢) Calculate the Py /¢ and My, /¢ Forces and Plot on the Py, My, Column
Capacity Curve

Controlling forces associated with maximum axial load

Pmax , = 1146 «kip M, = 2332-kip-ft
Pmax | M,
= 1965 kip = 3997-kip ft
max max

Controlling forces associated with minimum axial load

Pminu = 1050 +kip

Pminu M u
= 1722'kip
q)r'min min

= 3823-kip-ft

Try 2 48-inch-diameter column with (22) #11 bars (1.90 percent
reinforcement). The above values are plotted on Figure 16.

The column capacity curve in Figure 16 graphs the nominal strength of P
verses M, for a 48-inch-diameter column with a reinforcement ratio of
1.90 percent Note that the ¢ factor has not been accounted for in this
curve.

Now plot the forces for the two load cases calculated above on the curve.
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Design Example No. 1
Two-Span Bridge

Design Step
7.4.1
(continued) 9000

7000

5000

Ph (kips)

(1965, 3997kip-ft)
PU MU
¢ ¢

1000
-1000

-3000

fc =4.0ksi

fy = 60.0 ksi
22 #1 Bars
Clear Cover = 2"
6=10

2000 000 4000

(1722, 3823 kip-ft)
Pu, My
My, (kip-ft) o ¢
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Design Step 7— Determine Design Forces Design Example No. 1

Single-Mode Method — Basic Support Condition Two-Span Bridge
Design Step d) Select the Preliminary Longitudinal Reinforcement
7.4.1
(continued) Because the forces for both load cases plot inside the capacity curve for a
column with 1.9 percent steel, this reinforcement is sufficient. Also, the
1.9 percent reinforcement provided is between 1 and & percent allowed per
Division I-A, Article 7.6.2(A).
Therefore, the 48-inch-diameter column with (22) #11 bars is selected.
Design Step Forces Resulting from Plastic Hinging
7.4.2 [Division I-A, Article 7.2.2(B)]

Before proceeding with this design step, refer again to the introduction of
Design Step 7.

After the column cross-sectional dimensions and longitudinal
reinforcement have been determined, the forces resulting from plastic
hinging in the columns must be computed before the spiral transverse
reinforcement can be established. The plastic hinging forces at the top and
bottom of the column are also necessary to establish the connection forces
transferred to the cap beam and foundation. See Figure 17.

Plastic hinging forces are calculated for bridges in Seismic Categories C
and D. The importance of using these forces versus having to use the full
elastic forces in design cannot be overemphasized. When the columns are
allowed to form a plastic hinge at the top and bottom of the column during
a design level earthquake, the hinge acts as a “fuse” to limit the forces
transferred to some of the bridge components. This fuse limits the forces
transferred into both the footing at the bottom of the column and the cap
beam at the top of the column. It also limits the shear (and sometimes the
axial force) that the column has to be designed for. The Specification does
allow the above components to be designed without calculating the plastic
hinging forces. Typically, plastic hinging forces are less in Seismic
Categories C and D.

Article 7.2.2(A) of Division I-A covers plastic hinging perpendicular to the
plane of the bent. The shear associated with plastic hinging is the sum of
the plastic moments at the top and bottom of the column, divided by the
column height. In this example

V, = 2(5200 kip-££)/25.33 ft = 411 kips
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Single-Mode Method — Basic Support Condition Two-Span Bridge
Design Step
7.4.2 ' . A
(continued) “@—> Center of Mass ~
o/ [N
of Cap Beam
Helr =25.33 h=2817
Plastic Hinges
(Typical)
Top of Footing
e/ L -
a=2028.375'=56.75'
(@) Elevation of Bent
i

v 13M v

7 m i - —
Helr Helr

<) o e 4

A — — o
15 Wy Qw Mo o Niamy am,
P 4 AP Ap
15Mptpp+13M h (V. -Z(13M
_ 2 Mmop+ 1O Mnpor AP (Viotal) - Z (13 My)
Helr a
{b) FBD of a Column (c) Seismic Forces on Columns When
With Plastic Hinges Mechanism Has Formed

Figure 17 — Plastic Hinging Mechanism in Bent
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Design Step 7 — Determine Design Forces Design Example No. 1
Single-Mode Method — Basic Support Condition Two-Span Bridge

Design Step Article 7.2.2(B) of Division I-A gives four steps to calculate the plastic
7.4.2 hinging forces for bents with two or more columns in the plane of the bent.
(continued) In this design example, these steps are broken down into 11 intermediate
steps (1a through 4f) in order to add further clarification. Table 11 is a tool
to tabulate the results of each step. Each step has a brief narrative and an
example force.

Given: The preliminary design of the column established the longitudinal
reinforcement (22 #11 bars in a 48-inch-diameter column). The column
capacity curve of P, verses M, will again be used in this section. The axial dead
load on each column is 1098 kips. - <2, 4 ¢

Step 1a— For an axial load corresponding to the dead load, determine the
moment capacity, M,, of each column in the bent using Figure 18.

M, = 4000 k-ft

Step 1b— Calculate the column overstrength plastic moment capacity 1.3*M,
for each column.

1.3*M,, = 5200 k-ft
Step 2— In this example, the columns are assumed to be fixed both top and

bottom. Therefore, use Equation (1) in Table 11 to calculate the corresponding
column shear force, V, in each column.

V = 41 kips

Step 3a — Compute the overturning axial force, AP, in the exterior columns
using Equation (2) in Table 11. Note that this is a +/- load because the
earthquake is bidirectional.

AP = 337 kips

Step 3b— Calculate the adjusted axial force in the exterior columns using
Equation (3) in Table 11, which assumes a simple rigid frame. Note that for

this symmetrical three-column bent, the center column load does not change.

Example: For the right exterior column, the adjusted Pmaxy, = 1435 kips
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Table 11
Plastic Hinging Forces in Columns
Assumption: h= 2817 ft V=2"13M_/H Eq. (1)
H= 2533 ft AP =[Z(V)'h-Z(1.3M_,]/a Eq. (2)
a= 56.75 ft Adjusted P = P +/- AP Eq. (3)
Column Moments Column Sheare Column Axial Forces
(kip-ft) v (kips) AP P (kips)
Step M Left Center | Right | Total Left | Center | Right | Total (kips) Left | Center | Right
Level
Given 1098 1098 1095
ta M, 4000{ 4000 4000
1b 1.3°M 5200| 8200 5200| 15600
2 41 41 41 1232
3a 337
3b 761 1098 1435
Za M, 3750 4000| 4150
4b 1.3°M 4675 5200| 5395 15470
4c 365 an 426 1221
4d 334
4e 764 1098 1432
Difference in Column Plastic Shear Capacities (%) = 1232 - 1221 ‘100 = 0.8 %
4f (from Steps 2 and 4¢) 1232
Since % difference in total shear between Steps 2 and 4b is less than 10%, stop.
The forces in the individual columns in the planc of a bent corresponding to "column hinging" are
Forces Associated with a) Axial Forces P min, = 764 kips
Minimym Axial | oad b) Moment Mmmp =13*"Mmin_ = 4875 kip-ft
¢) Shear Force V '"i"p = 385 kips
Forces Associated with a) Axial Forces P max, = 1432 kips
Maximum Axial Load b) Moment Mmaxp =13*"Mmax_= 5395 kip-ft
¢) Shear Force V max = 426 kips

FHWA Seismic Design Course
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Single-Mode Method — Basic Support Condition Two-Span Bridge
Design Step
7.4.2
(continued) 9000
7000
(P, Mn)
5000 (1098k, 4000 kip-ft)
7~
)
S
X, 3000
o Dead Load —\
1000 /1
1000 2000 3000 4000
-1000 1
-3000 .
Mp, (kip-ft)
fc =4.0ksi
fy =60.0 ksi
22 #1 bars
Clear Cover = 2"
6=10

Figure 18 — Column Interaction Diagram
Step 1a Nominal Moment Capacity
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Single-Mode Method — Basic Support Condition Two-Span Bridge

Design Step Step 4a — Determine the revised moment capacity, My, for each column using
7.4.2 the new axial loads in Step 3b. See Figure 19 for the plot.

(continued)

Example: For the right exterior column, Mmax,, = 4150 k-ft

Step 4b — Calculate the revised column overstrength plastic moment
capacity, 1.3*M,, for each column.

Example: For the right exterior column, Mmax,, = 1.3*Mmax,, = 5395 k-ft
Step 4c — Find the new column shears, V, using the revised values of 1.3*M_in
Step 4b. Note that these are the final shear forces associated with the
overstrength plastic moment capacity of the column.

Example: For the right exterior column, Vmaxy, = 426 kips

Step 4d — Calculate the revised overturning forces in the exterior columns
using the revised column shears in Step 4c.

Example: For the right exterior column, AP = 334 kips

Step 4e— Calculate the revised axial forces in the exterior columns using the
revised overturning forces in Step 4d.

Example: For the right exterior column, the adjusted Pmaxy, = 1432 kips
Step 4f — Since the difference between the total shear forces in Steps 2 and
4c are within 10 percent of each other, it is not necessary to return to

Step 4a for another iteration. Note that these are the final axial forces

associated with the overstrength plastic moment capacity of the column.

A summary of plastic hinging forces is given below.

Forces associated with minimum axial load Pminy, = 764 kip
MrninP = 4875 kip-ft
Vminp = 385 kip

Forces associated with maximum axial load Pmax, = 1432 kip

Mmaxp = 5395 kip-ft
Vmaxp =426 kip
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Single-Mode Method — Basic Support Condition Two-Span Bridge
Design Step
7.4.2
(continued) 9000
7000 ;
1098k, 4000 kip-ft)
5000 (1435K, 4150 kip-ft)
©
S
X
<
& 3000
Dead Load
_\ +AP\
1000 o
-AP—"= / >
1000 2000 3000 4000
-1000 1
(764K, 3750 kip-ft)
-3000 .
Mn (klp-ﬁ:)
fc =40 ksi
fy = 80.0 ksi
22 #11 bars
Clear Cover = 2"
¢=10

Figure 19 — Column Interaction Diagram
Step 4a Nominal Moment Capacities
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Design Step 7— Determine Design Forces
Single-Mode Method — Basic Support Condition

Design Step
7.5

Design Step
7.5.1

)

=

Summary of Forces

"Summary of Column Forces

Design Example No. 1
Two-Span Bridge

Table 12 summarizes the forces at the top of the outboard columns of
Bent 2. These forces were derived in Design Steps 7.1 to 7.4.

Table 12

Summary of Forces on Bent 2
Outboard Columns with Basic Supports

FHWA Seismic Design Course

Longitudinal Force Traneverse Force Vertical Force
Description of v, M, v, M, P raxo P P i
Force Type Load Case (kips) (k-ft) (kips) (k-ft) (kips) (kips)
Dead Load Dead Load (2] 366 (%} 0 1095 |
Elastic Longitudinal Analysis 760 9790 (%} (2] 36 g
Seismic Forces Transverse Analysis & 10 77 1053 43 -
g Orthogonal Load Case 1 762 2823 23 16 45
d Seismic Forces Load Case 2 236 2047 77 1053 53
Modified Forces Load Casze 1 762 233 23 [2e) 146 1050
Member/Conn Load Case 2 ‘ 236 975 77 21 152 1045
Modified Forces Load Case 1 762 10189 23 316 146 1050
Foundations Load Case 2 236 3413 77| 1053 152 1045
Plastic Longit Direction w/P a1 5200 - - 1095
Hinging Transy Direction wiP__ - - 426 5395 1432 -
Forces Transv Direction w/P_ - - 385 4575 - 764
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DESIGN STEP 8

Design Step
8.1

SUMMARY OF DESIGN FORCES

Review the Introduction of Design Step 7 before proceeding with this
design step.

Column or Pile Bent Design Forces
[Division I-A, Article 7.2.3]

The selection of design forces, used to design the column reinforcement for
seismic loads, is outlined in Division I-A, Article 7.2.3. The shear force
associated with plastic hinging in the column is generally smaller than the
full elastic force in seismic Categories C and D. For this example, column
forces in the longitudinal direction are used for column design.

a) Axial Forces per Division I-A, Article 7.2.3(a)
Use either the modified forces calculated in Design Step 7.3.1 (same as elastic
forces because R = 1) or the plastic hinging forces calculated in Design Step
7.4.2. Both modified forces and plastic hinging values are summarized in
Table 12.
Elastic (Modified) Forces for LC1
JTé 78
F=1098 +/- 48 kips
Pmin, = 1050 kips Pmax,, = 1146 kips « Use
Hinging Forces

P = 1098 kips

In this design example, the modified axial forces are selected for column
design.

b) Moments per Division I-A, Article 7.2.3(b)

Use the modified moments calculated in Design Step 7.3.1 and summarized in
Table 12. The biaxial moment is

M, = 2331 kip-ft « Use
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Design Step ¢) Shear Forces per Division I-A, Article 7.2.3(c)
8.1 :

(continued) Use either the modified forces calculated in Design Step 7.3.1 (same as ¢lastic
forces because R = 1), or the plastic hinging forces calculated in Design Step
7.4.2. Both modified forces and plastic hinging values are summarized in

Table 12.

Elastic (Modified) Forces vy, =762 kips

Hinging Forces Vmaxp = 420 kips « Use

As is normally the case, the shear forces associated with plastic hinging
are smaller than the elastic forces.

Therefore, use the force associated with hinging.

d) Summary of Column Forces

See Figure 20.

Pmin, = 1050 kips Pmax, = 1146 kips

M, = 2331 kip-ft
Vmax,, = 426 kips

Py = 1050 kips/1146 kips

/— Column

Figure 20 — Summary of Column Forces
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Single-Mode Method — Basic Support Condition Two-Span Bridge
Design Step Pier Design Forces
8.2 '
Not applicable.
Design Step Connection Design Forces
83 [Division I-A, Article 7.2.5]
Design Step Longitudinal Linkage Connections
8.3.1 [Division I-A, Article 7.2.5(A)]
There are no linkage connections; therefore, provisions are not applicable.
Design Step Hold-Down Forces
8.3.2 [Division I-A, Article 7.2.5(B)]
Hold-down devices must be supplied if the vertical force induced at the
supports by the earthquake loading exceeds 50 percent of the dead load
reaction. The effects due to torsion in the superstructure are negligible.
The maximum vertical seismic force at the abutment is 211 kip. — T%
The dead load reaction is 577 kip.
The seismic load is about 36 percent of the dead load case. Thus, no hold-
down devices are required.
Design Step Column and Pier Connection to Cap Beam
8.3.3 [Division I-A, Article 7.2.5(C)]

For seismic loads, the recommended connection design forces between the
column and superstructure cap beam are the forces developed at the top of
the column due to column hinging as determined in Design Step 7.4.2.
The plastic hinging values are summarized in Table 12. The code allows
the designer to use the modified forces calculated in Design Step 7.3.1 if
they are smaller, but it is not recommended.

A summary of the maximum forces due to column hinging is given below.
Maximum axial forces due to hinging

!’maxP = 1432 kips
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Single-Mode Method — Basic Support Condition Two-Span Bridge
Design Step Maximum moment due to hinging
8.3.3 -
(continued) Mmaxp = 1.53*Mmax, = 5395 kip-ft
Maximum shear force due to hinging
VmaxP = 426 kips
Design Step Column Connection to Foundation
8.3.4 [Division I-A, Article 7.2.5(C)]
The recommended connection design force between the column and
foundation are the forces developed at the bottom of the column due to
column hinging. The column dead load has not been added in this design
example. These forces are the same as in Design Step 8.3.3 and are
summarized below.
Pmax, = 1452 kips
Mmaxy, = 5395 kip-ft
Vmaxy, = 426 kips
Design Step Cap Beam Design Forces
84

The cap beam must be designed for the load combinations in Division I,
Table 3.22.1A, except for Group VII seismic loads, Division I-A is to be
used instead. This design example does not present the dead or live load
forces on the cap beam, only the seismic forces.

It is recommended that the forces due to plastic hinging at the top of the
column be transferred into the cap beam. These forces are summarized in
Design Step 8.3.3 above. Figure 21 identifies how these forces are applied
to the cap beam. To restrict the formation of plastic hinges to top of
column sections, cap beam sections must remain elastic at internal force
levels that form plastic hinges in sections at the top of columns.
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Single-Mode Method — Basic Support Condition Two-Span Bridge
Design Step
8.4 :
(continued) & ﬂ
- - o ;i
YT M YT M P M
. L
Mo
Moment Diagram \ S~
—

L \ Mo
Shear Diagram Yo
Reactions | 0 9%

Figure 21 — Plastic Hinging Forces on Cap Beam
Because of symmetry, the maximum peak moment in the cap beam occurs at
the outboard columns. The plastic moment transferred from the column is
Mp.
4
Mmaxp = 5395 kip-ft

The column shear associated with the plastic moment Vp acts at a distance
2.83 feet below the c.g. of the cap beam.

Vmax, = 426 kips

Because of symmetry, the maximum seismic moment in the cap beam due to
these column forces occurs over the outside columns.

Mo = My + (2837 V,)

=5395 + (2.83"426) = 6601 kip-ft
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Single-Mode Method — Basic Support Condition Two-Span Bridge

Design Step
8.5

Design Step
8.6

Therefore, due to these column plastic hinging forces, the seismic shear in the
cap beam is constant in between the columns.

Vo= (Mg + Mo/2) /28.28 ft = 349 kips
Miscellaneous Design Forces
Nothing is included in this design step for the basic support condition.

Foundation Design Forces
[Division I-A, Article 7.2.6)

The design forces for the spread footing under the Bent No. 2 columns may
be either a) or b) below.

a) Modified Design Forces for Foundations
[Division I-A, Article 7.2.1(B)]

These forces were calculated in Design Step 7.3.2 and are summarized in
Table 12, LC1 being the controlling load case. The small transverse forces are
ignored. Note that R = 1.0 represents the full elastic seismic forces.

Pmin, = 1050 kip Pmax, = 1146 kips
My = 10,189 kip-ft
Vy =762 kips

b) Forces from Column Plastic Hinging
[Division I-A, Article 7.2.2)

Because of the one-half uplift criteria, the forces associated with both the
maximum and minimum axial load need to be considered. The plastic hinging
forces were calculated in Design Step 7.4. Refer again to the introduction of
Design Step 7 before proceeding.

Plastic hinging forces in longitudinal direction

Py = 1088 kips
Nf p = 9200 kips-ft
Vp = 411 kips
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Single-Mode Method — Basic Support Condition Two-Span Bridge
Design Step | FPlastic hinging forces in transverse direction (minimum axial load)
8-6 . . .
(continued) Pminy, = 764 kips

Mmin, = 4875 kip-ft
Yminy, = 385 kips

Plastic hinging forces in transverse direction (maximum axial load)

Pmaxp = 1432 kips
Mmax,, = 5395 kip-ft
Vmaxy, = 426 kips

Conclusion: Use the forces associated with plastic hinging in the transverse
direction. The transverse plastic hinging moment is much smaller than the
modified moment (5,395 versus 10,189 kip-ft), and only slightly more
conservative than the longitudinal plastic hinging moment (5,395 versus
5,200 kip-ft). See Figure 22.

Column

(=

~

Vo Z = 2R

Footing x /‘
Loads Applied at—/

Top of Footing

Figure 22 — Summary of Forces on Footing
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Single-Mode Method — Basic Support Condition . Two-Span Bridge

Design Step Abutment Design Forces
8.7 | [Division I-A, Article 7.2.7)]

Only vertical and transverse forces on the abutment are considered in this
design example. The superstructure transfers the seismic force to the
abutment through the shear key. The abutment then has to transfer the
transverse seismic force into the soil.

a) Forces Transferred from Superstructure to Abutment Shear Key
[Division I-A, Article 7.4.2(B)]

Division I-A, Article 7.4.2(B) refers back to Division I-A, Article 7.2.6 for design
forces for the abutment. Since there are no hinging effects at the abutment,
the controlling forces are the Modified Design Forces for Connections
calculated in Design Step 7.3.1. Table 9 lists the seismic forces on the
abutment at the level of the bearings. Note that R = 0.8 for connections. A
summary of the forces at Abutment No. 1 are

Yertical Reaction

P :=1206 kip withR = 0.8

Transverse Shear

The transverse shear is transferred from the superstructure through the
shear key to the abutment. For the shear key design, use the EQM force with
R=0.28.

VT := 1596 kip withR = 0.8

b) Transverse Forces Transferred from the Abutment into the Soil

Refer to the Modified Design Forces for foundations, summarized in Table 10 of

Design step 7.3.2. For this condition, R = 1.0 for all cases where the force is
transferred into the soil.

Yertical Reaction

P = 180 kips with R = 1.0

FHWA Seismic Design Course 3-70



Design Step 8 — Determine Design Forces Design Example No. 1
Single-Mode Method — Basic Support Condition Two-Span Bridge

Design Step Transverse Shear
8.7 -
(continued) V1 =1277 kips withR=1.0

Longitudinval Shear

None.
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Single-Mode Method — Basic Support Condition Two-Span Bridge
DESIGN STEP 9 DETERMINE DESIGN DISPLACEMENTS
[Division I-A, Article 7.3]
Design Step Minimum Support Length
9.1 [Division I-A, Article 7.3.1]

The bearing seats supporting the expansion ends of the bridge must
provide a minimum support length at least N inches wide. See Figure 23.

/-Supcrstmcture

Z

T
\

Abutment Seat

Figure 23 — Minimum Support Length at Abutment

L =242t Length between abutments

H = 27.34ft Average height of columns
between expansion joints

S =0 Skew

From Division |-A, Equation (7-3A)
in in 2
N = {12-in + O.OE-L'E + O.12'H'E '<1 + 0.000125'S >

N =186t
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Single-Mode Method — Basic Support Condition Two-Span Bridge

The width of the abutment stemwall shown in Figure 1is 3 feet 6 inches; thus,
the width provided on top of the stemwall is more than “N.”

Design Step Design Displacements

9.2
The displacement from the Single-Mode Spectral Method in the longitudinal
direction with the basic spring case is 0.24 foot.
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Design Step 10 — Design Structural Components Design Example No. 1
Single-Mode Method — Basic Support Condition - Two-Span Bridge

DESIGN STEP 10

Design Step
10.1

Design Step
10.1.1

DESIGN STRUCTURAL COMPONENTS
[Division I-A, Article 7.6.2(C)]

This section concentrates on the critical components that resist the seismic
forces.

Column Design

Basic column data, see Figure 24 for details.

f = 4000-psi Concrete strength
kip )

fyh = 60-——2- Yield stress of spiral reinforcing
in

Hpp = 2535t Column clear height

b, =4&:in Outside diameter of column

Diameter of concrete core, measured to the outside of the transverse spiral
reinforcement. Assume a 2-inch clear cover.

doore = by~ 2:(2:in) A pore = 44+in

Summary of Controlling Column Design Forces from Design Step 8.1
[Division I-A, Article 7.2.8]

Pmin, := 1050 kip Pmax := 1146 kip
My = 2331 kip-ft
Vmax,, := 426 kip

Determine Longitudinal Reinforcement

Use the preliminary longitudinal column reinforcement computed in Design Step
7.4.1. Use 22 #11 bars longitudinally.
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Single-Mode Method — Basic Support Condition Two-Span Bridge
Design Ste
gl:nm.l.ll) . #11 Main

(continued) Reinforcement

Centroid of Tension
Reinforcement in Tension
Half of Member

Zbar

2" Clear Cover

#5 Spiral
Reinforcement

Figure 24 — Cross Section of Column

» Design Step Determine Typical Transverse Reinforcement
10.1.2 [Division I-A, Article 7.6.2(C)]

a) The required shear strength of the column section must be at least that
calculated per Division |, Article 8.16.6.1 using the ¢ value from Division |,

Article 8.16.1.2 for shear.

¢ = 0.65 f o = 4000 *psi

by = 48in Diameter of circular section
Vmaxp = 426+kip Factored shear force on section
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Single-Mode Method — Basic Support Condition Two-Span Bridge

Design Step The require shear strength of the section, V,,, must be at least

10.1.2
(continued) VmaxP Division |
Vi = Egn (&-46)
¢
V, =501+kip

b) The concrete shear strength of the column, calculated per Division |,

Article 8.16.6.2, applies only to the middle portion between the "end regions" of
the column. Refer to Design Step 10.1.3 for the reinforcement requirements in
the end regions.

For computing shear strength of circular sections d need not be less than the
distance from extreme compression fiber to centroid of the tension
reinforcement in opposite half of member. Refer to Figure 24 for the variables.
dcor6=44"'” by =48-in

The location of the #11 longitudinal bars from the center of the column is

d core 1375
rp = - 0.625 in - “in
Fyp = 20.7+in
z - E.r Centroid of tension side
bar " g b reinforcement (Popov, 1976)
bw
d = —2— tZy,, d = 37.2¢+in
Division |
Ve=2 [fobyd Egn (8-51)
Vc = 226 kip

FHWA Seismic Design Course 3-76



Design Step 10 — Design Structural Components Design Example No. 1
Single-Mode Method — Basic Support Condition Two-Span Bridge

Design Step
10.1.2
(continued)

Design Step
10.1.3

c) The required shear strength of the reinforcement calculated per Division |,
Article .16.6.3.

Division |
¢ Eqn (8-47)

\/5 = 275'klp

The minimum spiral spacing, based on a maximum of 3-inch clearance between
spirals per Division |, Article 8.18.2.2.3.

5 = 3.5in

The resulting shear reinforcement is then

A =_2.% Division |
Voofd Egn (8-53)

A, =043 in® For two legs of the spiral
reinforcement

Because the cross-sectional area of #5 spiral reinforcing is 0.31 (in/ieg) or
2*0.31=0.62 (in2/2 legs), the provided A, is greater than the required A,
(0.62 > 0.43); therefore, use #5 bars at 3.5-inch spacing.

Determine Minimum Transverse Reinforcement in Column “End Region”
[Division I-A, Article 7.6.2(C)]

The end regions must meet the following two criteria.

Criteria 1 — The shear strength of the concrete V| shall be in accordance
with Division I, Article 8.16.6.2 when the axial load associated with the
shear produces an average compression stress in excess of 0.1f ’c over the
core concrete area of the support members. As the average compression
stress increases from 0 to 0.1f’¢, the strength V, increases linearly from 0
to the value given in Division I, Article 8.16.6.2.
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Single-Mode Method — Basic Support Condition Two-Span Bridge
Design Step Column core area = Acore
10.1.3
(continued) d core = 44cin
. 2
Td core 2
Acore = 4 Acore = 106t

Check for the minimum column core axial stress, O, , even though the shear
force is associated with the maximum axial force. This is conservative.

Pmin U= 1050 «kip

Pminu klp

o, = G, = 0.69-
A .

core in

In order to use the full concrete shear capacity, the minimum axial stress in
the column is

kip

in

O.1"FC = 0.4'

Because the minimum axial stress in the column is more than 0.1*f;
(0.69 ksi > 0.40 ksi), the full value of V¢ can be used. In some columns, the

minimum axial load may be less than 0.1*f’,, and would therefore require
a reduction in V..

VC = 226 kip

Therefore, because the concrete shear capacity is the same as in Design Step
10.1.2, the required transverse reinforcement in the end regions is the same as
in the typical region.

Use #5 spiral at 3.5 inches on center.
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Single-Mode Method — Basic Support Condition Two-Span Bridge
Design Step Criteria 2 — Extent of column “End Region” above footing and below top
10.1.3 of column is the maximum of the following.
(continued)
a. Diameter of column = 48 inches
b. Hgl© =25.35 ft / 6 = 4.2 ft =5linches <=mmmees Controls -
¢. 18 inches minimum
Design Step Determine the Transverse Reinforcement for Confinement
10.1.4 at Plastic Hinges

[Division I-A, Article 7.6.2(D)]

The core of the column must be confined by spiral in plastic hinge regions
by the largest of 1) the criteria in this section, and 2) the criteria in
Division I-A, Article 7.6.2(C) in Design Step 10.1.2.

The volumetric ratio of spiral reinforcement is the greater of that required
by Equation (7-4) or (7-5) in Division I-A for spiral reinforcement where

Gross area of column Ag

l'7w = 48 ¢in
n'bwz 5
A@ = 2 A@ =12.6°ft
2
A core = 10.6° L Column core area
kip
fo=4- Concrete strength
. 2
in
fyh - 60’% Yield strength of spiral reinforcement
in
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Single-Mode Method — Basic Support Condition

Design Step Therefore, the volumetric ratio per Equation (7-4) is
10.1.4 '
(continued) A f Division I-A
a c
pg = 0.45: -1 Eqn (7-4)

A core f yh

p, = 0.0057

The volumetric ratio per Equation (7-5) is

fe .
p, = 012 — Division I-A
s foh Egn (7-5)
pg = 0.008 e Controls

The pitch of the spiral is 3.5 inches.

5 = 3.5¢in

dcore = 44 -in

dg =dcore

Therefore, the area of one leg of the spiral is Asp.

FHWA Seismic Design Course

Design Example No. 1
Two-Span Bridge

The diameter of the spiral, measured to the middie of the spiral, d

- 0.625in dg = 43.4ein

2
. cd
A = P59 core (Wang and Salmon, 1992)
S .
P 4d,
Agp = OB1-in"

This is the required area of one leg of the spiral. Because a #5 bar has a
cross-sectional area of 0.31 inch2, the #5 spiral at 3.5 inches on center will
work. This is also the area of spiral required in the end region.
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The #5 spiral at 3.5 inches on center still controls.

Design Step Calculate the Spacing of Transverse Reinforcement for Confinement
10.1.5 [Division I-A, Article 7.6.2(E)]

Criteria 1 — Spiral must be provided in the column the length determined
in Design Step 10.1.3, per Division I-A, Article 7.6.2(C)2.

Minimum length = 51 inches top and bottom

The spiral must be extended into the cap and footing the distance
determined in Division I-A, Article 7.6.4. See Design Step 15 for more -
details of column spiral.

A minimum of 15 inches or one-half the column diameter
=485/2 = 24 inches <--- Controls

Criteria 2 — Not applicabie.

Criteria 8 — Maximum spacing.

The maximum spacing of 3.5 inches is okay.

Criteria 4 — The spiral may not be lapped in the plastic hinge zones
without full strength lap welds. This criteria should be placed on the

drawings.

Lap splices in the center region of the column must follow the criteria in
Division I-A, Article 7.6.2(F).

Design Step Summary of Column Reinforcement
10.1.6

Use 22 #11 bars longitudinally. Use #5 spiral at 3.5 inches on center. See
Figure 25 for final column design details.
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Design Step
10.1.6
(continued)

1251, Minimum
Bar Embedment S—

24" Spiral
Embedment

ll

P— "
[ —— Hch"/6= 51 Eﬂd

Heyl4 = 76" S—— Region

—— | —*#5GRr605pal @35'0C.

4-0" Di i
Longitudinal Bars ——— /‘ 0" Diameter Colurmn
May Be Spliced So—
in the Middie Half : /—22 1 Longmudmal Bars
in Accordance with S——
Dwision I-A, ——
Article 7.6.2(F) ——

P— — Spread Footing
Hopl4 = 76" ———]
———] Hy/6= | 51" End
p———] Reglon
—— 24" Spiral

1251 4, Minimum —— Embedment

Hook Embedment J

Figure 25 — Column Reinforcement Details

Design Step Pier Design
10.2

Not applicable.
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Deign Step Connection Design
10.3 '

Design Step Longitudinal Linkage
10.3.1
Not applicable.

Design Step Hold Downs
10.3.2
Not applicable.

Design Step Connection of Column to Cap Beam

10.3.3

'| The connections of the column to both the cap beam and footing must be

designed. These designs should include the development of the longitudinal
column steel into both elements and the assurance that the joint shear
stresses are lower than the limiting amount set by the Specification. Both
of these conditions require the forces corresponding to plastic hinging as
the design forces.

a) Development Length
[Division I, Article 8.25 and Division I-A, Article 7.6.4]

The straight development length of a #11 bar per Division |, Article 8.25,
without the additional requirements of Division I-A, is as follows.

Basic data
fo = 4000 _
Concrete compressive strength (psi)
A b = 1.56
Area of #11 bar (in2)
d b = 1.4’10
Diameter of #11 bar (in)
fy = 60000

Yield stress (psi)
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Single-Mode Method — Basic Support Condition . Two-Span Bridge
Design Step Basic development length equation
10.3.3 :
(continued) f y
Ldp = Q04 Ay —="in L gp = 59.2¢in
fe
But not less than
0.0004-df s in = 33.8+in Does not control

.Modify the basic length for bar spacing greater than & inches on center. The
actual spacing is 6.3 inches. [Division |, Article 8.25.3.1]

Modify length for probable steel yield stress, 1.25 fy
[Division I-A, Article 7.6.4]

Ly =125Ly,

Therefore, the final development length of a straight bar must take into
account both of the above effects.

Ly = 081251 4 L4 = 59.2+in

The length available for developing a straight #11 bar is 68 inches less cover,
say 64 inches. Thus, there is sufficient length for development of the bar into
the cap beam. Refer back to Figure 25 in Design Step 10.1.6.

b) Joint Shear Stress
[Division I-A, Article 7.6.4]

The average maximum joint shear stress is to be limited. This is an
average stress because it may be calculated based on the cross-sectional
area of the joint. It should also correspond to the loading condition that
produces the largest stress. Typically, this corresponds to plastic hinging
of the columns. The stress limit applies to both the horizontal and vertical
directions.
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Single-Mode Method — Basic Support Condition Two-Span Bridge
Design Step Because the cap beam is designed such that plastic hinging will not occur
10.3.3 in it, the vertical shear stress corresponding to column plastic hinging is
(continued) easier to calculate. The vertical shear stress will be that required to
transfer the forces passed into the joint by the column reinforcement. The
actual force level is difficult to assess because the steel is distributed
around the perimeter. Therefore, the shear force is approximated.
The joint shear stress calculations are not covered in the design example.
Design Step Connection of Column to Footing
10.3.4 [Division I, Article 8.29 and Division I-A, Article 7.6.4]

a) Development Length

The development length of a hooked #11 bar per Division |, Article £.29, without
the additional requirements of Division I-A, is as follows.

Basic data
f. = 4000 . _
Concrete compressive strength (psi)
A b =156
Area of #11 bar (in2)
Diameter of #11 bar (in)
fy = 60000

Yield stress (psi)
Basic development length for standard hooks

dy,
Ly = 1200 —="in L pp = 26.8in

Fe

Modify basic length for bar cover greater than 2.5 inches
(Diision |, Article 8.29.3.2)
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Design Step
10.3.4
(continued)

Design Step
10.4

Modify length for probable steel yield stress, 1.25 fy
[Division I-A, Article 7.6.4]

L'dh = 125 L hb

Therefore, the final development length of a hooked bar must take into account
both of the above effects.

Length available for development of the hooks is 60 inches less cover and
less the thickness of the mat of steel in the bottom of the footing. The total

‘of these thicknesses is about 6 inches. Thus, there is sufficient length for

development. To ensure proper force transfer ability and to simplify the
construction, the hooks should be extended to the bottom mat of steel.
Refer back to Figure 25 in Design Step 10.1.6.

b) Joint Shear Stress
[Division I-A, Article 7.6.4]

Not calculated in this desigh example.
Cap Beam Design

The cap beam seismic design forces were determined in Design Step 8.3.2.
Figure 21 shows the resulting moment and shear diagram due to seismic
loads only. For the final Group VII loads, the dead load moment and shear
must be added. The cap beam can then be designed using Division I of
AASHTO with the typical detailing requirements for a reinforced concrete
beam.

Note that the forces due to column hinging must also be applied to the cap
beam in the longitudinal direction. These forces are then transferred into
the superstructure box beam. Because of the built-in negative moment in
the box girder when the shoring is removed, the positive moment from the
hinging will probably not control. Had the superstructure been built with
precast units, this positive moment may have been critical.
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Design Step 11 — Design Foundations
Single-Mode Method — Basic Support Condition

DESIGN STEP 11

Design Step
11.1

Design Step
11.1.1

Design Example No. 1
Two-Span Bridge

DESIGN FOUNDATIONS
[Division I-A, Article 7.4.2]

In this design example, only spread footings will be addressed.

Design Spread Footings (under Bent No. 2 Columns)
[Division I-A, Article 7.4.2]

The footings under Bent 2 are individual spread footings located under
each of the three columns. The following soil properties are assumed to
apply to this bridge site. The actual properties would be specified in the
geotechnical soil reports.

- 4,@ Ultimate soil pressure permitted
Geq - 2 ismi
ft under seismic loads
Kip N .
Y s0i = ONO— Unit weight of soil
3
ft
kip . . .
Y conc = 0150 —; Unit weight of concrete in footing
ft
p=05 Sliding coefficient

Find Forces at Bottom of Footing

The forces at the top of the footing are taken from Design Step 8.6, and are
associated with the plastic hinging forces at the bottom of the column. The
forces associated with both maximum and minimum axial loads will be
considered in the design. Note that column dead load has been ignored in
this design example.

Forces w/minimum axial force Forces w/maximum axial force

Pminp = 764 kip Pmaxp = 1432 kip
Mminp = 4875 kip ft Mmaxp = B39 kip ft
Vminp 1= 385 kip VmaxP = 426 kip
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Single-Mode Method — Basic Support Condition Two-Span Bridge

Design Step The moment at the bottom of the footing My must include the moment due
11.1.1 to V,, times the footing depth ds. Therefore, M¢=M, + V_*dr. See
(continued) | o gu';'e 2 P P
T
e Top of
] Ground
Top of |1 M
/ Footin/g . '-‘\f
TTI R 111
/ —] 4 1 [ — dg
: —————s
5
\ % | 9
!
l Ls, Bs
ST
' Resultant
L Soil Stress g
€
Figure 26 — Column Footing Details
and Soil Pressure Distribution
An initial footing depth must be assumed in order to calculate Mg.
de = 4fr Assumed footing depth
g aep
FHWA Seismic Design Course
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Single-Mode Method — Basic Support Condition Two-Span Bridge
Design Step Moment associated with Pmin,,
1111 :
(continued) Mmin , = 4878+ ftkip
\/minP = 385+ kip
Mming = MminP + Vmin p'df Mmine = 6415 «kip ft

Moment associated with PmaxP

Mmalxp = 5395 ft+kip

Vmaxp = 426 kip

Mmax := MmaxP + Vmaxp'df Mmax¢ = 7099-kip ft
The axial load at the bottom of the footing must include the dead weight of
the soil and the self-weight of the footing. Assume a 2-foot minimum soil
cover on top of the footing. Assume a 20-foot-square footing size for weight
purposes. Refer to Figure 26.

Ly = 20fL Length of footing

B¢ = 20-ft Width of footing

dg = 2t Depth of soil above footing
dg =4t Thickness of footing

Therefore, the axial dead load due to the self-weight of the footing, and the
weight of the soil above the footing, is P .

ki
ﬁ_’.?)

Y goil = O11
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Design Step 11 — Design Foundations Design Example No. 1

Single-Mode Method — Basic Support Condition Two-Span Bridge
Design Step kip
11.1.1 Y =015-—
(continued) cone 2

Design Step
11.1.2

> - LB o NI SR _ L
Pa =Yoo (LeBrds) *Yoonc (Lt Brde) Py = 328+kip

Therefore, the total axial load at the bottom of the footing, P¢
Minimum axial load

PminP = 764 -kip

Pming := Pmin, + P 4 Pming = 1092-«kip

P

Maximum axial load

F’maxp =1432- kip

Pmaxe := Pmax, + P 4 Pmax¢ = 1760+ kip

p

Find Stresses at Bottom of Footing

In addition to checking for maximum soil stresses, footing uplift must be
considered. Per Division I-A, Article 7.4.2(B), the footing can have a
separation of the soil up to one-half of the contact area of the foundation
under seismic loading. This is only allowed under foundations not
susceptible to loss of strength under cyclic loading. Half uplift will
probably be controlled by the load case with the minimum axial load.

The stresses under the footing can then be checked for forces associated
with both maximum and minimum axial loads. In cases where the soil
material has a large ultimate capacity, as with this bridge, the soil stress
limit will usually not control the design. Half uplift usually controls the
size of the footing. See Figure 26 for the general soil stress.
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Design Step 11 — Design Foundations Design Example No. 1
Single-Mode Method — Basic Support Condition Two-Span Bridge

Design Step a) Check maximum soil pressure at toe of footing under minimum axial load.
11.1.2

(continued) The effective eccentricity of the axial load is

Mmin, = 6415 «kip ft Pming = 1092-kip
Mminf
€ min = Prming € min = 2.9t

For there to be any uplift, the eccentricity must be greater than L/ 6,
which it is by inspection. To ensure that there is no more than one-half
uplift on the footing, the eccentricity e must be less than the L¢/ 3.

Lf = 20-ft
L Because L¢/3 is greater than gyp
> = 67 fr (6.7 > 5.9 ft)a 20-ft-sq footing

is large enough to prevent half uplift

The maximum soil pressure at the toe of the footing, allowing for uplift of the
footing, is q (because emin > Lg/ ©).

2: Pminf
q = (Bowles, 19868)
. Ls
5'51:'("2_ - cmin) :
ki , Since gis less than
q = 8.6 P ch
ft2 (8.8 < 24 ksf) , okay

b) Check maximum soil pressure at toe of footing under maximum axial load.
The effective eccentricity of the axial load is

Mmax¢ = 7099-kip ft Pmax¢ = 1760+kip
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Design Step 11 — Design Foundations ‘ Design Example No. 1

Single-Mode Method — Basic Support Condition Two-Span Bridge
Desigri 1Stieg Mmax
o €max = Praxs €max = 4 ft

To ensure that there is no more than one-half uplift on the footing, the
eccentricity e must be less than the Le/ 3.

Lf = 20’&
L¢ Because L/3 is greater than e,
3 o7 (6.7 > 4.0 ft),a 20-ft-sq footing

i large enough to prevent half uplify

The maximum soil pressure at the toe of the footing, allowing for uplift of the
footing, is g (because €max > L¢/ 6).

2:Pmaxg
9 = ] (Bowles, 1968)
f
By (E - ¢ max)
ki .
q =98 _; Because q is less than
ft degq, (9.8 < 24 ksf) is okay

¢) Check for sliding beneath the footing.

Vminy, = 385 kips Plastic hinging shear force

nw=05 Sliding coefficient

Pming, = 1092 kips Minimum axial load

The capacity against sliding under the footing, u * !’minP , must be greater
than Vminp.

[Th F”minP = 546 kips Greater than VminP , sliding is okay
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Design Step 11 — Design Foundations Design Example No. 1
Single-Mode Method — Basic Support Condition Two-Span Bridge

Design Step Finalize Footing Size
11.1.3 4

Because the maximum soil pressure under the seismic load combination

q = 9.8 ksf is less than the allowable limit of 24 ksf, use the 20-foot-square

footing. Note that half-uplift condition is reached before the soil stress

limit is reached.

Using the triangular-shaped soil pressure computed above, the designer
can now design the footing for flexure and shear using Division I of
AASHTO. Note that top reinforcement should be included in the footing in
order to support the weight of the soil above the footing due to the uplift
condition. Some agencies also require a minimum amount of shear
reinforcement in the footing.
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Design Step 12 — Design Abutments Design Example No. 1
Single-Mode Method — Basic Support Condition Two-Span Bridge

DESIGN STEP 12

Design Step
12.1

DESIGN ABUTMENTS

This example problem concentrates on the development of seismic forces
for key elements of the abutment. Unlike the special seismic design and
detailing requirements for the columns in Division I-A, the design and
detailing of the abutment reinforcement uses the typical requirements in
Division I.

Design the Abutment Shear Key

Figure 27 shows the transverse shear force from the superstructure into
the top of the abutment seat through the shear keys. In the longitudinal
direction, the superstructure is free to slide. In the transverse direction,
the concrete shear key does not allow the bridge to move transversely.
Because this critical connection is very stiff and does not allow any
dissipation of energy through yielding, the shear key is designed for a force
greater than the full elastic seismic shear computed in the analysis.

Transverse Force
at Abutment

Superstructure \ / J-[
f— , /— Shear Key

Critical Section
/ - for Transverse

/ ----- Shear Transfer
Bearing

Abutment Stemwall

/ —— ¥
\ Abutment Footing
Shear Resistance of Soil

Figure 27 — Abutment Shear Key

FHWA Seismic Design Course 3-84



Design Step 12 — Design Abutments Design Example No. 1
Single-Mode Method — Basic Support Condition Two-Span Bridge

Design Step The shear friction provisions of Division |, Article £.16.6.4 will be used to
12.1 | calculate the transfer of this horizontal force.

(continued)
Given
£%, := 4000 psi
fy = 60000: psi
¢ = 065 Division |

Article 816.1.2.2

The transverse shear force on the shear key was found in Design Step 8.7,
Part (a). This transfer assumed an R Factor of 0.8.

v, = 15696 kip Seismic transverse shear

Required shear capacity

Vi i
Voo — Division |
"¢ Eq (8-46)
v, =1878-kip

Check Division |, Article 8.160.6.4.5 for the minimum area of concrete to resist
the shear transfer force (in plan view).

a) TS Ay =165t
* C
b) I A =163
& 800 psi ov—
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Design Step 12 — Design Abutments Design Example No. 1

Single-Mode Method — Basic Support Condition Two-Span Bridge
Design Step Therefore, assuming that there is one shear key on each side of the
C 121 superstructure, each key must have this area. Based on a 3-foot G-inch-thick
(continued) abutment wall, each shear key must have a length of

L e L, = 47

° 35ft s~
Use a shear key length of Lg =51t
It is not advisable to place an additional shear key at the centerline of the
roadway section due to the unpredictability of how much force each shear
key will resist. The stemwall thickness can either be increased locally to
reduce this length, or the stemwall can be extended out beyond the edge of
the bridge to provide for the required shear key area.
The shear friction reinforcement required for each shear key is based on
Division |, Article 8.16.6.4.4.
u =10 For an intentionally roughened surface

. Y 2
Avf‘:f—__— Av{:=51.5'm
u
Y

Because the shear area length is 5 feet long for each direction, the required
shear reinforcement per foot is
A Mt A 6.3 u

v~ L . vf = ¢ £t

Design Step Design Bearings
12.2

The bearings used at the abutment for the basic support condition must
carry the vertical loads, and slide horizontally under the longitudinal
seismic load. The full elastic seismic deflection in the longitudinal
direction is approximately 3 inches. A PTFE sliding surface could be used.
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Design Step 12 — Design Abutments Design Example No. 1
Single-Mode Method — Basic Support Condition Two-Span Bridge

Design Step
12.3

Design Step
124

DESIGN STEP 13

DESIGN STEP 14

Transverse Force on Abutment

As determined in Design Step 8.7 (Part b), the maximum transverse shear
force transferred from the superstructure to the abutment and then into the
soil is 1277 kips. This force is resisted by two primary load paths.

1)  Friction between the bottom of the abutment footing and the soil. Use a
sliding coefficient of friction, u=0.5 times the dead load.

2) Passive pressure developed against the wingwalls.
The wingwall on the leading edge is not considered fully effective
because it pushes against soil that is on a slope. The wingwall on the
backside is fully effective as the abutment tries to pull the wingwall
into the confined soil behind the abutment.

Longitudinal Force on Abutment

Not applicable for this support condition.

DESIGN SETTLEMENT SLABS

Not applicable.

REVISE STRUCTURE

Not required.

FHWA Seismic Design Course 3-97



Design Step 16 — Seismic Details Design Example No. 1
Single-Mode Method — Basic Support Condition Two-Span Bridge

DESIGN STEP 15

SEISMIC DETAILS

A number of details emphasizing the seismic issues discussed in this
example are included within this section. These details, extracted from
actual bridge plans, relate to the code requirements of Division I, Division
I-A, and local agency requirements.

Footing Detail (Figure 28)

Both top and bottom reinforcement is required. Top reinforcement is
required to support the weight of the soil above the footing during uplift
conditions. Bottom reinforcement is required to resist forces due to soil
bearing pressure. Shear reinforcement permits a reduction in footing
thickness and is required by some agencies.

Footing-to-Column Joint Details (Figures 29 and 30)

Critical to the footing-to-column connection is the transverse and spiral
reinforcement. End region requirements are specified in Division I-A,
Article 7.6.2. Spiral embedment in the footing is specified in Division I-A,
Article 7.6.4. Both a continuous spiral option and a discontinuous spiral
option are detailed. The discontinuous spiral option is not addressed in
AASHTO, but is recommended by some agencies as an alternative that is
easier to construct.

Spiral Details (Figures 31 and 32)

Spiral splice details include lap splice and welded splice options as shown.
Welded splices are permitted in all column regions. Lap splices are
permitted only within the center half of the column height. Refer to
Division I-A, Article 7.6.2.

FHWA Seismic Design Course ' 3-98



Design Step 16 — Seismic Details Design Example No. 1
Single-Mode Method — Basic Support Condition Two-Span Bridge

DESIGN STEP 15
(continued)

Column-to-Bent Joint Details (Figures 33 and 34)

Critical to the column-to-bent connection is the transverse and spiral
reinforcement. End region requirements are specified in Division I-A,
Article 7.6.2. Spiral embedment in the bent is specified in Division I-A,
Article 7.6.4. Both a continuous spiral option and a discontinuous spiral
option at the construction joint is detailed. The discontinuous spiral
option is not addressed in AASHTO, but is recommended by some agencies
as an alternative that is easier to construct.

Shear Key Detail (Figure 35)

Typically, the shear key is designed to resist transverse seismic forces, yet
it must allow longitudinal movement due to shrinkage and contraction/
expansion. The shear key detail illustrates the concept of providing Ultra
High Molecular Weight (UHMW) polyethylene plus a neoprene filler to
provide a low-friction contact surface. Note that the steel plates and
angles armor the shear key to minimize damage during a seismic event,
and note that the same detail can be used with sloping shear keys.
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Design Step 15 — Seismic Details

Single-Mode Method — Basic Support Condition

Design Example No. 1
Two-Span Bridge
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Figure 28 — Footing Detail
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Design Step 15 — Seismic Detajls

Design Example No. 1

Single-Mode Method — Basic Support Condition Two-Span Bridge
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Figure 29 — Footing-to-Column Joint Detail
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Design Step 15 — Seismic Details Design Example No. 1

Single-Mode Method — Basic Support Condition Two-Span Bridge
|
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Figure 30 — Footing-to-Column Joint Detail
(Discontinuous Spiral Option)
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Single-Mode Method — Basic Support Condition Two-Span Bridge

3)_4[}
SPLICE

HOOKS SHALL BE PLACED TO AVOID
VERTICAL REINF. LAP SPLICES NOT
PERMITTED IN COLUMN END REG/!ONS

Figure 31 — Lap Splice Spiral Detail
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Single-Mode Method — Basic Support Condition Two-Span Bridge
/” LENGTH /"
OF WELD

SPIRAL BAR —\
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WELD DETAIL FOR WELD DETAIL FOR
#5 SPIRAL #6 SPIRAL

Figure 32 — Welded Splice Spiral Detail
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Design Example No. 1
Two-Span Bridge

Single-Mode Method — Basic Support Condition

Design Step 15 — Seismic Details
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Figure 33 — Column-to-Bent Joint Detail
(Continuous Spiral Option)
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Design Example No. 1
Two-Span Bridge
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Figure 34 — Column-to-Bent Joint Detail
(Discontinuous Spiral Option)
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Figure 35 — Shear Key Detail
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1
Single-Mode Method — Spring Support Condition Two-Span Bridge

SECTION IV ANALYSIS AND DESIGN USING SINGLE-MODE SPECTRAL
METHOD WITH SPRING SUPPORTS

DATA The bridge is to be built near Glacier National Park, Montana. The soil is
a 250-foot-deep glacial deposit of sand and gravel.

REQUIRED Design the bridge for seismic loading using the Proposed Revisions to the
AASHTO Standard Specifications for Highway Bridges, Division I-A:
Seismic Design, July 1994.

SOLUTION

DESIGN STEP 1 PRELIMINARY DESIGN

The preceding version of the seismic design of this bridge considered the
case where all the longitudinal force was taken by the bent, and the bent
foundations were fixed against translation and rotation. The abutments
were fixed against transverse displacements, vertical displacements, and
rotation about the bridge longitudinal axis. Additionally, the bent columns
had uncracked moments of inertia.

This alternate example considers the case where the end diaphragms
resist longitudinal translation, the foundations are spring supported, and
a reduced effective moment of inertia is considered for the columns. In
this case, the abutments have a different form than those used in the
previous section. These new abutment details are shown in Figures 36a,
36b, 36¢, and 36d. The backwall of the end diaphragm is configured such
that the soil is bearing against the end diaphragm all the time. No gap
exists between the soil and backwall. Due to this configuration, any
longitudinal displacements result in longitudinal soil forces. Thus, soil
springs will be used to model this condition. Likewise the wingwalls
attract transverse force as soon as movement occurs. This will also be
incorporated into the model using springs. Finally, at the bent
foundations, rotational springs will be used to model the soil flexibility.
Translational springs will not be included here, but their inclusion would
be approached in the same fashion as for rotational springs.

Because much of the analysis and design of the bridge is the same as for
the preceding example, only those sections of the overall analysis and
design that change are discussed herein.
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Design Step 6 — Determine Elastic Forces and Displacements

Single-Mode Method — Spring Support Condition

DESIGN STEP 1
(continued)

Design Example No. 1
Two-Span Bridge
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Figure 36a — Bridge Layout with Stub Abutment
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1

Single-Mode Method — Spring Support Condition Two-Span Bridge
DESIGN STEP 1
(continued)
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Figure 36b — Bridge Layout with Stub Abutment
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Design Step 6 — Determine Elastic Forces and Displacements
Single-Mode Method — Spring Support Condition

DESIGN STEP 1

(continued)

Design Example No. 1
Two-Span Bridge
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Single-Mode Method — Spring Support Condition Two-Span Bridge

DESIGN STEP 1
(continued)
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Figure 36d — Bridge Layout with Stub Abutment
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1

Single-Mode Method — Spring Support Condition Two-Span Bridge
DESIGN STEPS 2 No changes. The Single-Mode Spectral Method will be used for both the
THROUGH 5 transverse and longitudinal analysis.
DESIGN STEP 6 DETERMINE ELASTIC SEISMIC FORCES
AND DISPLACEMENTS
Design Step Description of Model
6.1
The same “stick” model as was used previously is used here, except that
springs are used to support the structure and the bent column stiffnesses
are modified to account for realistic behavior. The determination of the
foundation stiffnesses is discussed in Design Step 6.2. The column
stiffness is discussed below.
Design Step Effective Column Stiffness
6.1.1

The use of gross or uncracked moments of inertia for reinforced concrete
elements with small axial compression produces a model with a higher
stiffness than the structure. In this bridge, the superstructure is post-
tensioned; thus, the use of the gross moment of inertia for the
superstructure is appropriate. However, for the columns, the axial load is
small enough that the actual stiffness is somewhat less than that
corresponding to the gross moment of inertia. The reduction in stiffness is
the result of cracking along the height of the column that would occur in
an earthquake.

In this portion of the example, the use of the effective moment of inertia in
determining both forces and displacements will be demonstrated. It
should be noted that there currently is not a consensus regarding the
consideration of the effective column stiffness. This is the topic of ongoing
debate within the bridge design community. Some groups advocate using
the gross moment of inertia to determine internal forces and reactions and
using the effective moment of inertia to determine maximum
displacements. This is a bounding process and would lead to upper bounds
for forces and displacements. In this example, it turns out that the
AASHTO upper limit of the earthquake force coefficient controls even
when the effective stiffness is used. Thus, the applied forces would not
change, regardless of whether the effective or gross (uncracked) stiffnesses
are used.

Note that even though the forces applied to the bridge are the same, the
internal forces are distributed differently when the column moment of
inertia is reduced. ‘
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1

Single-Mode Method — Spring Support Condition Two-Span Bridge
Design Step Effective column moments of inertia that are related to axial load and steel
6.1.1 content are given in Figure 37, which was developed for bridge columns by

(continued) Priestley, Seible, and Chai (1992). The figures may be used to estimate
the effective moment of inertia.

The axial dead load in the columns is approximately 1100 kips; thus for a
4-foot-diameter column and 4000 psi concrete the axial load is about 0.15 ',
Ag. For a steel content of about 2 percent, the effective moment of inertia is
roughly equal to 0.5 Igrpse. This is used for the column moment of inertia in
the spring-supported analyses.
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Design Step 6 — Determine Elastic Forces and Displacements
Single-Mode Method — Spring Support Condition

Design Example No. 1
Two-Span Bridge

Design Step
6.1.1
(continued)
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Figure 37 — Effective Stiffness of Bridge Columns
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1
Single-Mode Method — Spring Support Condition Two-Span Bridge

Design Step
6.2

Abutment and Bent Foundation Stiffnesses
[Division I-A, Article 7.4]

The bridge is supported with springs as shown in Figure 38.

The abutments are modeled with horizontal translational springs that act at
the intersection of the superstructure work line and the centerline of the
bearings. The abutments are fixed against vertical translation and rotation
about the superstructure longitudinal axis (x axis). There is no restraint to
rotation about the vertical (y axis) or the transverse axis (z axis).

The bent foundations are modeled with rotational springs that act about the
longitudinal axis and transverse axis. Rotation about the vertical axis is fixed
as is translation in each of the three directions.

Background

Establishing meaningful soil stiffnesses for bridge foundations is a
complex problem. Often strain- and frequency-dependent properties exist.
Furthermore, coupling may exist between adjacent degrees-of-freedom.
Accurate modeling of these complex phenomena is more of an issue for
time-history analyses than for static or modal analyses. Therefore such
complex behavior is often simplified to linear springs that are used
between fixed supports and the structure. Coupling is typically only a
consideration for pile and drilled-shaft foundations.

There are several methods available for establishing spring constants for
use in a seismic analysis. The complexity of the methods varies widely, as
does the input information required.

One rational method for calculating foundation spring stiffnesses is to
consider the foundation bonded to an elastic half-space. This is an elastic
hemispherical medium that extends to infinity below the foundation, as
shown in Figure 39. This in itself is an approximation, since it does not
include actual ground contours, soil layering, or partial uplift. The
development and application of elastic half-space constants is beyond the
scope of this example. However, information about the method may be
found in Bowles (1988), Richart, et al. (1970), and FHWA (1987).
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Single-Mode Method — Spring Support Condition

Design Example No. 1
Two-Span Bridge

Design Step
6.2
(continued)
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Figure 38 — Details of Supports for Spring Foundation Model
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1
Single-Mode Method — Spring Support Condition Two-Span Bridge

Design Step
6.2
(continued)

T\ M Footing Bonded
——————————— ,,4__. o Half-Space

Undeformed Shape

3-D Elastic Medium

Figure 39 — Elastic Half-Space Deformation in
X-Y Plane Due to an Applied Moment

Several of these references also discuss approaches based on the theory of
elastic subgrade reaction. Although they are not as accurate in modeling
the actual dynamic phenomenon as the half-space models, they work
reasonably well for static and modal analyses. Essentially, they are beam
on elastic foundation approaches, and in the simplest form, a rigid
foundation is used with elastic subgrade springs. This type model is
shown in Figure 40. As the name implies, the necessary input parameter
is the modulus of subgrade reaction, which often is estimated from the
bearing strength of the soil. The elastic subgrade approach is used in this
example for the column foundations.

The elastic half-space method works reasonably well for spread footings.
However, it does not lend itself to the treatment of abutments due to the
irregular configuration of these elements. For this reason empirical
methods have been used to predict spring constants for abutments. For
instance, Caltrans uses a relatively simple empirical method for
determining these constants. Due to the potentially high stresses that
may occur in the soil adjacent to the abutments and due to the allowance
for gaps between the superstructure and abutment, the method is
iterative.

FHWA Seismic Design Course 4-11



Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1
Single-Mode Method — Spring Support Condition Two-Span Bridge

Design Step
6.2
(continued)

Figure 40 — Elastic Subgrade Model Deformation
Due to an Applied Moment

Information on the application of the method is contained in the Caltrans’
Bridge Design Aids Manual (1994). Discussion of the method is provided
by Po Lam and Martin (1993) and recent test data is presented by
Maroney, et al. (1994). The Caltrans method will be used in this example
for the abutments.

The elastic subgrade method can also be used for abutments. Simplified
procedures for using the method have been recently developed by Po Lam
and Martin (1993).

a) Column Spread Footing Rotational Springs

Full translational restraint at the column bases is reasonable since the
translational flexibility of the columns typically significantly exceeds that
of the soil. Thus, the results will not be sensitive to the soil translational
stiffness. This may not always be true, particularly when large diameter
columns, rigid piers, or pile foundations on soft soils are used.

The elastic subgrade method for determining rotational stiffness assumes
the footing is rigid relative to the soil and that the soil is an elastic
foundation with a stiffness given by the modulus of subgrade reaction kg.
If the modulus is not known, it can be estimated based on the allowable
bearing pressure and the factor of safety. Two methods of estimating the
modulus are used; one is an equation given by Bowles (1988) and the other
a figure given by PCI (1992), as shown in Figure 41.

FHWA Seismic Design Course 4-12



Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1
Single-Mode Method — Spring Support Condition Two-Span Bridge

Design Step Although one method alone would be sufficient for design, both will be used

6.2 herein and the average used in the model.
(continued) .

8

8
\

e

kg, psifinch
()
3

100 /

/

0]
0 5000 10000 15000 20,000

Source: PCI(1992) Allowable Soil Bearing Value, g(psf)

Figure 41 — Approximate Relationship Between Allowable Soil
Bearing Pressure and Modulus of Subgrade Reaction

The spread footing can be characterized as shown in Figure 42. Ifa
moment M is applied, a maximum stress o is developed and a rotation
results as shown. If the stress is assumed to vary linearly then the
rotational stiffness can be determined as shown below.

Bowles Method

B =20f Width of footing

Lg:= 20t Length of footing in direction of applied moment
kip

45 = 5~—2 Allowable bearing stress under footing
fr

FS =3 Factor of safety used in determining allowable

bearing stress

FHWA Seismic Design Course 4-13



Design Step 6 — Determine Elastic Forces and Displacements
Single-Mode Method — Spring Support Condition

Design Example No. 1
Two-Span Bridge

Design Si:}z) Spread Footing
(continued) - ,~/__—

v

— —
-
——
-

-
—
—

\C

L

Assumed Stress
Distribution Under Footing

1
kg = q F512—
S qa ft

kg = 288-—
fr

expression.

Bele

k,=k_
r S 12

PCl Method

FHWA Seismic Design Course

fr
kp_aly = 5760000 kip—

Figure 42 — Column Spread Footing Rotational

Stiffness Definitions

Modulus of subgrade reaction
(empirical equation that assumes
1inch of settlement at ultimate)

It can be shown that the rotational stiffness ky is given by the following

ft
k r = 5840000« kip—
rad

k . based on Figure 41
rad
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1

Single-Mode Method — Spring Support Condition Two-Span Bridge
Design St:g The average rotational stiffness is
(continued)

kp+ kr__alt

£
k, = ——— k.. = 48600000 *kip—
r 2 r P rad

b) Abutment Longitudinal Springs (End Diaphragms)

The seismic behavior of soils behind abutments is nonlinear. This occurs,
in part, because the soil exerts different pressures as the end diaphragm
moves into the soil and as it moves away from the soil. Caltrans simplifies
this problem into consideration of compression stress only, using 200 kip
per inch per foot of width as an approximate stiffness that applies for an
8-foot-high wall. This is used to calculate a spring stiffness that is divided
in half and distributed to either end of the bridge, as shown in Figure 38.
This is necessary because an elastic dynamic model will develop both
tension and compression forces in the elastic springs at abutments. The
resultant forces at the abutment are then doubled for design to account for
the fact that the soil is acting at one end of the bridge only at any given
time.

Note that the springs at the abutments act in directions that are
orthogonal to the abutment, not necessarily the superstructure. In this
example, there is no difference. If skew is included, the springs at the
abutments will be skewed with respect to the superstructure.

The calculations of the spring constants are given below.

Establish end diaphragm longitudinal stiffness using the Caltrans method.
kip
k, = 200:—— Basic stiffness per foot of width based on

p in'
in-ft an &-ft-high wall and well-compacted backfill
material

The 200-kip/inch/foot stiffness is assumed to be independent of wall height by
some designers, and is assumed to scale linearly with height by others. In this
example, the average of these two methods will be used. 1t is rational to
expect that the actual flexibility is a function of end diaphragm height. Note
also that recent large scale experiments have shown that the 200
kip/inch/foot may not be a realistic value (Maroney, et al., 1994). Therefore,
this value may be refined in the future.
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1

Single-Mode Method — Spring Support Condition Two-Span Bridge
Design St:g Recall the following dimensions.
tinued
(continued) Hy=7ft Height of end diaphragm
W, =741t Width of end diaphragm (could use actual

width between wingwalls)

Calculate the stiffness with and without the correction.

ki
ka1 =k P'W 2 kg1 = 177600-;P No correction for height
7 kip ) '
Kap =k P‘Wa-g k g2 = 155400+ & Linear correction for
height
Use the average of the two stiffnesses.
ka1 *kao kip
kg = —2— k5 =166500- P Average value of k,

Use half of the stiffness applied at either end of the bridge.

k. = ‘a k. = 83250+ P
a 2 a- ft

This spring constant is valid provided that the strength of the soil behind
the end diaphragm is not exceeded. If the strength is exceeded, the soil
will develop a dynamic passive failure wedge. There are rational methods
that are used to calculate the force required to move this soil wedge, but
these are somewhat complex. Therefore, a simple method used by
Caltrans (1994) will be used to estimate this force in this example.

Caltrans uses a uniform pressure of 5 ksf as the static equivalent of that
required to produce incipient movement of the wedge. This is divided by
0.65, which approximates the ratio of maximum static resistance stress to
maximum dynamic resistance under cyclic loading. The force
corresponding to the dynamic pressure is used as a check. An elastic
analysis is performed to determine the forces at the abutments. If this

FHWA Seismic Design Course 4-16



Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1

Single-Mode Method — Spring Support Condition Two-Span Bridge
Design Step indicated value exceeds the failure load, the assumed stiffness based on
. 6.2 200 kip per inch per foot is reduced to approximate the yielding effect of
(continued)

the soil failure wedge movement. This is an iterative process that is used
until a valid solution is obtained. The forces will be checked later.

Note that some designers adjust this pressure for heights other than
8 feet. This is not done here. The maximum force is calculated below.

Determine maximum force that can be delivered to end diaphragm using
Caltrans approximate method.

ki
Pmax = 5'—2 Assumed maximum static pressure
P max ,
Pmax = == Adjust to account for seismic (dynamic)
065 increase in maximum pressure (empirical)
kip
Pmax = 77"
ft
Fmax = PmaxHaWa Maximum force based upon estimated

dynamic strength

F max = 2985-kip To be used to check maximum longitudinal
seismic force in Design Step 6.4

¢) Abutment Transverse Springs (Wingwalls)

The same stiffness that is used behind the end diaphragm is used with the
wingwalls. Because wingwalls typically taper, an effectiveness factor of
two-thirds is used to calculate the spring constant. This simply means
that the 200 kip per inch per foot is applied along the length of the wall,
then the height correction is made as before and then the stiffness is
reduced by 33 percent. Additionally, one wingwall is typically bearing
against soil that is sloping away from the bridge. The value of the
stiffness for one wall is then lowered an arbitrary amount to account for
the reduced effectiveness. A 67 percent reduction is assumed here,
although some designers prefer to ignore the contribution from that
wingwall.
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1

Single-Mode Method — Spring Support Condition Two-Span Bridge
Design St:lz) The calculation of the transverse stiffness of the abutment is given below.
(continued)

Calculate the lateral spring constants for wingwalls using Caltrans
approximate method.

Use basic stiffness kp to determine the spring stiffnesses. Also assume that
the wingwall is two-thirds effective due to taper.

Ly = 20ft Length of wingwall in longitudinal direction
H,, =12-ft Height of wingwall at its tallest point

Calculate the stiffness of one wingwall.

2 ki
kw1 = g'kp'l’w kM = 52000'1&: No correction
for height
K ._ 2 koL Hw K 48000 Kip Linear correction
W2 m TP W O for height

Average the two stiffnesses.

- e K, = 40000+
W 2 w = £t

The wingwalls are parallel to the roadway. Thus, one wingwall acts
against fill that is sloping downward away from the bridge and one
wingwall acts against the soil under the roadway. Assume that one wall is
one-third effective and one is fully effective. Some designers may chose to
ignore the contribution of the wingwall acting against the sloping fill.
Note that this approach neglects any contribution due to friction along the
backwall.

Increase the single wingwall stiffness to account for both walls.

kip
w133 kw = 53200-;
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1
Single-Mode Method — Spring Support Condition Two-Span Bridge

Design Step A check on the maximum soil resistance that can be generated by the
¢ 6('12 wingwall should be made in a similar fashion to that done in the
(continued) longitudinal direction.
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Desigh Step 6 — Determine Elastic Forces and Displacements Design Example No. 1
Single-Mode Method — Spring Support Condition Two-Span Bridge

Design Step
6.3

Transverse Analysis, Single-Mode Spectral Method
[Division I-A, Article 4.4]

Because the analysis procedure is identical to that used for the transverse
analysis of the basic foundation case of Section III, only the important
results will be summarized.

The displacements due to a uniform transverse load of 100 kip/foot were
calculated and were entered into Column 4 of Table 13. The constants o, B,
and y were calculated and used to generate an equivalent transverse static
loading. The intensities of this loading are given at the superstructure quarter
points as shown in Figure 43.

Abutment 3

Figure 43 — Single-Mode Spectral
Loads for Transverse Direction

Basic Spring
Transverse | Lorgitudiral | Traneverse Lorgitudinal
Uniform Load
ﬂlc-Mode ——
Multimode
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1

Single-Mode Method — Spring Support Condition Two-Span Bridge
Design Step
6.3 Table 13
(continued) : AASHTO Single-Mode Spectral Analysis Method
for Calculation of Seismic Load
Assumptions: P, = 100.0 k/ft A= 0.28
g= 322 ftleec. ~ 25°%A= 070
w(x) = 201 kif S= 1.2
1 2 3 4 5 %) 7 &
Digpl Due Equiv.
Node Tributary | to Uniform Static EQ
Distance Length Loading Loading
Location x dx v, (%) a (x) B(x Y(x) P, (%)
(ft) (Ft) (ft) #®) | kf) | R | (cfr)
Abut 1 0.0 0.0 0.2174 0.00 0.00 0.00 9.69
114 pt 255 265 0.286432 &N 178.99 45,70 12.67
12 pt 7.0 2%.5 0.2256 1.00 22115 ©69.01 14.95
3/4 pt 106.5 5.5 0.5610 12.36 24652 | 86.67 16.09
Bent 2 142.0 255 0.2567 12.74 256.06 91.69 15.90
14 pt 167.0 25.0 0.3362 5.66 174.09 60.37 14.986
12 pt 192.0 25.0 0.5031 7.99 160.62 51.48 12.51
3/4 pt 217.0 25.0 0.2600 7.04 141.48 40.07 159
Abut 3 242.0 25.0 0.2114 5.69 18.44 28.21 9.42
Sum = . 242.0 7459 | 1499.25 | 473.29
(continued on next page)

Basic Spring
Transverse | Longitudinal | Transverse | Longitudinal
Uniform Load
Single-Mode
Muttimode
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1

Single-Mode Method — Spring Support Condition Two-Span Bridge
Design Step
6.3 Table 13 (continued)
(continued) : AASHTO Single-Mode Spectral Analysis Method

for Calculation of Seismic Load

Summary of Coefficients
a= 7459 f° a = sum of [, (x) "dx]
B= 1499.35 k-ft B = sum of [ w(x) * v_(x) * dx ]
Y= 47339 k-f° V= sum of [ w(x) * v,(x) * * dx ]

Calculate Period T, C, and p,(x)

T= 0279 sec T=2n*(y/p,"g"a)"”
C,= 094 C,=12°A"5 /T or
C, (min) = 0.70 C,=C, or 25%A (whichever is less)
PR= 46K g =BC, 7w v

The period in the transverse direction for the spring-supported bridge is
T =0.279 second.

The SAPOO input file for this analysis is FITS4SM.

The response values of the structure, both internal forces and displacements,
are given in Table 14.

Basic Sprirg
Transverse | Longitudinal | Traneverse Longitudinal
Uniform Load
Modc ———
Muttimode

FHWA Seismic Design Course 4-22



Design Step 6 — Determine Elastic Forces and Displacements
Single-Mode Method — Spring Support Condition

Design Step

Design Example No. 1
Two-Span Bridge

6.3
(continued)

Table 14

and Spring Foundation

Response for Single-Mode Method, Transverse Direction,

FHWA Seismic Design Course

Forces and Moments
Longitudinal Transverse
Shear |Moment| Shear |Moment| Axial
(kips) | (kip-ft) | (kips) | (kip-ft) | (kips)
Abutment 1 0] 0 1550 687 0]
Center |Top 0] (0] 895 1253 0
Bent | Column |Bottom 0] 0 895 1016 0]
2
Outboard [Top 41 572 89.2 1248 504
Column |Bottom 4.1 465 892 1012 50.1
Abutment 3 0 0] 1494 975 0]
Displacements (ft)
Abut 1 114 pt W2pt | Bl4pt | Bent2 | 1/4pt | 1/2pt | B/4pt | Abut 3
0.0298| 0.0296 | 0.0471 | 0.0509| 0.0502 | 0.0472 | 0.0422 |0.0359]|0.0287
Basic Spring
Transverse | Lorgitudinal | Transverse | Lorgitudinal
Uniform Load
Muttimode
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1
Single-Mode Method — Spring Support Condition Two-Span Bridge

Design Step Longitudinal Analysis, Single-Mode Spectral Method
6.4 [Division I-A, Article 4.4]

Pérform a longitudinal analysis for the spring-support condition.

Design Step | Static Displacements
641 | [Division I-A, Article 4.4, (Step 1)]

The tabular method of calculating the equivalent loading to use for the
Single-Mode Spectral Method in the longitudinal direction will be used
below to show the application of the table for loading in this direction.

The displacements of the bridge under a uniform longitudinal loading are
calculated. In this example, these are the displacements calculated for a
100-kip/foot longitudinal load. These are shown in Table 15 in Column 4.

Basic Spring
Transverce | Longitudinal | Transverse | Longitudinal
Uniform Load
MC —
FHWA Seismic Design Course Multimode 424




Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1

Single-Mode Method — Spring Support Condition Two-Span Bridge
Design Step
6.4.1 Table 15
(continued) AASHTO Single-Mode Spectral Analysis Method
’ for Calculation of Seismic Load
Assumptions: P, = 100.0 kift A= 0.28
a= 322 ft/sec 25*°A= 070
w(x) = 201 kit 5= 12
1 2 3 4 5 o 7 &
Displ Due Equiv.
Node Tributary | to Uniform Static EQ
Distance Length Loading Loading

Location X ax v, (%) o (x) B(x) ¥ (x) ()
(ft) (ft) (ft) #) | k) | oerd) | (kf)
Abut 1 0.0 0.0 0.1414 0.00 0.00 0.00 13.37
/4 pt 25.5 355 0.1471 512 102.83 14.85 13.91
12 pt 7.0 255 0.1508 5.29 106.28 15.863 14.26
3/4 pt 1065 355 0.1524 5.%8 10817 16.40 14.4
Bent 2 142.0 355 01520 5.40 108.60 16.53 14.28
14 pt 167.0 25.0 0.1508 3.79 76.08 ns52 14.26
12 pt 192.0 25.0 0.1486 374 75.22 1.26 14.06
/4 pt 217.0 25.0 0.1454 2.68 73.87 10.866 13.75
Abut 3 242.0 25.0 01412 358 72.01 10.32 12.36

Sum = 242.0 35.986 72317 107.58

(continued on next page)

Basic Spri
Transverse | Longitudinal | Transverse | Longitudinal
Uniform Load :
Sirgle-Mode e—
Multimode
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Design Step 6 — Determine Elastic Forces and Displacements

Design Example No. 1

Single-Mode Method — Spring Support Condition Two-Span Bridge
Design Step
6.4.1 Table 15 (continued)
(continued) AASHTO Single-Mode Spectral Analysis Method

for Calculation of Seismic Load

Summary of Coefficients
a= 3598 f° a = sum of [ v,(x) *d]
B= 72317 k-ft B = sum of [(x) * v,(x) " dx ]
Y= 10758 k-t° Y= sum of [ w(x) * v,(x) * * dx ]

Calculate Period T, C, and p,(x)

T= 0191 sec T=2n"(y/p,"g*a)"”
C,= 1.21 C,=12°A5 /7% or
C, (min) = 0.70 C,=C, or 25%A (whichever is less)
p.(x) = 94.6 *v,(x) P(X)=B*C, /" w(x) " v,(x)

Design Step Calculate a, B, and y Factors

6.4.2 [Division I-A, Article 4.4, (Step 2)]

o = 35.98 ft2
B =723.2 k-ft
¥ =107.7 k-ft2

Design Step Fundamental Period
6.4.3 [Division I-A, Article 4.4, (Step

T = 0.191 second

From the last row of Columns 5, 6, and 7, the factors are

3)]

Basic Spring
Transverse | Longitudinal | Transverse [Longtudinal
Uniform Load
| Single-Mode p——
Multimode

FHWA Seismic Design Course

The period has also been calculated in the table and the result is given below.
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1

Single-Mode Method — Spring Support Condition Two-Span Bridge
Design Step Equivalent Longitudinal Load
6.4.4 [Division I-A, Article 4.4, (Step 4)]
The intensities of loading are given in Column & of Table 15.
Design Step Displacements and Member Forces
6.4.5 [Division I-A, Article 4.4, (Step 5)]

The response values of the structure, both internal forces and displacements,
are given in Table 16. The SAPO0 input file for this analysis is FILS45M.

At this point, the longitudinal force developed at the abutment must be
checked. If the force exceeds that calculated in Design Step 6.2, then the
longitudinal stiffness should be adjusted and the analysis repeated.

From the analysis, the maximum longitudinal force is 1636 kips at each end.
This value is doubled to account for the fact that the springs were divided in
half.

The resulting maximum force is 3272 kips, which is less than the maximum
strength, 3985 kips, calculated in Design Step 6.2.

Thus, the analysis is adequate, and no revision is necessary.

Basic Spring
Transverse | Longtudinal | Transverse |Longitudinal
Uniform Load
Sirgle-Mode S—
Multimode
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Design Step 6 — Determine Elastic Forces and Displacements
Single-Mode Method — Spring Support Condition

Design Step

Design Example No. 1
Two-Span Bridge

6.4.5
(continued)

Table 16

and Spring Foundation

Response for Single-Mode Method, Longitudinal Direction,

FHWA Seismic Design Course

Forces and Moments
Longitudinal Transverse
Shear | Moment| Shear |Moment| Axial
(kips) | (kip-ft) | (kips) | (kip-ft) [ (kips)
Abutment 1 1639 0] 0 0] 4.9
Center |Top 24.6 471 0 o) 1.7
Bent Bottom 34.6 405 0] 0 1.7
2
Outboard [Top 34.3 467 0 0 1.7
Bottom 4.5 403 0] 1.7
Abutment 3 1636 0] 0 10
Displacements (ft)
Abut 1| 1/4pt V2pt | Bl4pt | Bent2 | Vapt | 12pt | 3/4pt | Abut 3
0.0197 | 0.0205 | 0.021 | 0.0213 | 0.0212 | 0.021 | 0.0207 |0.0203] 0.0197
Basic Spring
Transverse | Longitudinal | Transverse [Longtudinal
Uniform Load
|_Singie-Mode S—
Multimode
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Design Step 7— Determine Design Forces Design Example No. 1
Single-Mode Method — Spring Support Condition Two-Span Bridge

DESIGN STEP 7

Design Step
7.1

Design Step
7.1.1

DETERMINE DESIGN FORCES
FOR SPRING SUPPORT CONDITION
[Division I-A, Article 7.2.1]

The spring support condition is very stiff both in the longitudinal
direction, because of the soil spring, and in the transverse direction,
because the bridge superstructure acts as a large diaphragm spanning
between the abutments. Consequently, Bent No. 2 intermediate columns
attract very little seismic force in either orthogonal direction. Hence, the
columns will probably not hinge for this support condition. Therefore, it is
not necessary to check the plastic hinging forces.

Design Step 7 of Section IV of the design example is patterned after
Section III, except that it will be abbreviated to only address the modified
forces. Some of the explanations are also omitted, for brevity.

Determine Nonseismic Forces

Determine Dead Load Forces

The dead load forces are summarized in Table 17 below. Note that there are
longitudinal shear forces at the abutment, which account for the soil springs
resisting the longitudinal sidesway, assuming the shoring is removed after the
abutments and superstructure are complete and the backfill placed.

Table 17
Dead Load Forces with Spring Supports

Longitudinal Force Transverse Force Yertical
v, M, v, M, 2
Location Load Case (kipe) (k-ft) (kips) (k-ft) (+/- kipe)
Abut 1 Dead Load &0 0 0 ] 1071
Bent 2
Columns Dead Load 41 302 ] 0 1096
Abut 3 Dead Load 63 0 0 ] 556

Note that column forces are per column.
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Design Step 7 — Determine Design Forces
Single-Mode Method — Spring Support Condition

Design Step
7.2

Design Step
7.2.1

Determine Seismic Forces

Summary of Elastic Seismic Forces

Design Example No. 1
Two-Span Bridge

The Single-Mode Spectral Method results for the spring support condition

are used to determine the modified design forces.

A summary of the full elastic seismic forces for an earthquake along each of
the principal axis (both longitudinal and transverse) is shown in Table 18, which
is a condensed version of results from Tables 14 and 16.

Table 18
Full Elastic Seismic Forces with Spring Supports

Longitudinal Force Transverse Force Vertical
v, M, 12 M, P
Location Load Casc (kips) (k-ft) (kips) (k-fr) (+/- kips)
Abutment 1 Longitudinal Anatysis * 3275 O O 0 5
Transverse Analysic % (% 1550 687 O
Bent 2 Longitudinal Analysis 35 467 0 0 2
Columns ** Transverse Analysis 4 57 &9 1245 50
Abutment 3 Longitudinal Analysis * 3275 0 0 0 10
Transverse Analysis 0] 1494 975 0

The longitudinal earthquake force into the soil can only be at one end of the
superstructure at a time. Because the spring stiffness used at each end of
the model is half of the total value, the tension and compression loads at each

end (see Table 16) must be added together (absolute value) to get the

maximum force occurring in the soil at either of the ends.

V| = 1639 + 1636 = 3275 kips

FHWA Seismic Design Course
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Design Step 7— Determine Design Forces Design Example No. 1
Single-Mode Method — Spring Support Condition Two-Span Bridge

Design Step
7.2.2

Also, the values for the Bent No. 2 columns are maximum values from center or
exterior columns at both top and bottom.

Combination of Orthogonal Seismic Forces
[Division I-A, Article 3.9]

See Table 19 for a summary of the seismic forces for LC1 and LC2.
The definition of LC1 and LC2 is as follows.

LC1 =100 percent of the Longitudinal Analysis Results + 30 percent of the
Transverse Analysis Results

LC2 = 30 percent of the Longitudinal Analysis Results + 100 percent of the
Transverse Analysis Results

For example, in Bent No. 2, the longitudinal column moment for LC1 is derived
as follows.

M=(10*M| )+ (0.3*M7)
M= (10"467) + (0.5 *57) = 484 k-ft.

All other forces in the table are calculated similarly.

Table 19
Orthogonal Seismic Force Combinations
LC1 and LC2 with Spring Supports

Longitudinal Force Transverse Force Vertical
v, M, v, M, P

Location Load Case (kips) (k-ft) (kips) (k-ft) (+/- kips)
Abutment 1 Load Case 1 3275 0 465 206 5
Load Case 2 283 0 1550 687 2
Bent 2 Load Case 1 26 454 27 374 17
Columns Load Case 2 15 197 &9 1248 51
Abutment 3 Load Case 1 3275 0 448 293 10
Load Caece 2 283 0 1494 975 3

FHWA Seismic Design Course 4-31



Design Step 7— Determine Design Forces Design Example No. 1

Single-Mode Method — Spring Support Condition Two-Span Bridge
Design Step Determine Modified Design Forces
7.3 [Division I-A, Article 7.2.1(A)]
Design Step Modified Design Forces for Structural Members and Connections
7.3.1

Even though the Bent No. 2 columns will probably remain elastic for the
spring support condition, the Specification allows the elastic seismic
column moments to be reduced by R = 5. Use Equation (7-1) in Division
I-A to calculate the modified forces for members and connections.

Group Load =1.0 (D + B + SF + E + EQM) Division 1-A
Egn (7-1)

For this problem, forces B, SF, and E are assumed zero, only D and EQM forces
are combined. The equation reduces to

Group Load =1.0 (D + EQM)
Where EQM = (LC1 or LC2 forces) divided by R

a) Response Modification Reduction Factor, R
[Division I-A, Article 3.7, Table 3]

The R Factor remains the same for either support condition.

R reduces the seismic column moments, but increases the seismic lateral
shear force on the connection of the superstructure to the abutment. A
summary of the R values used to modify EQM is presented below.

R=5.0 For moments in multiple column bents

R=0.8 For shear and axial connection force of superstructure to abutment
R=10  For connection of column to superstructure or foundation

b) Calculate the Modified Design Forces with EQM

Table 20 summarizes the modified design forces using EQM.
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Design Step 7 — Determine Design Forces Design Example No. 1

Single-Mode Method — Spring Support Condition Two-Span Bridge
Design Step For example, in Bent No. 2, the longitudinal column moment using LC1 is derived
7.3.1 as follows.
(continued)
M= (D + EQ/R)
M = (302 + 454/5) = 399 k-ft
All other forces in the table are calculated similarly.
Table 20
Modified Design Forces for Structural Members
and Connections with Spring Supports
Longitudinal Force Traneverse Force Vertical Force
\A ML A M. Pm Pm.n
Location Load Case (kips) (k-ft) (kips) (k-ft) (kips) (kips)
R Factor Used in EQM 1 - 0.8 - 0.8 06
Abutment 1 Load Case? 2335 - 581 - 1077 1062
Load Case 2 1043 - 1938 - 1073 1069
R Factor Used in EQM 1 5.0 1 5.0 1 1
Bent 2 Load Case 1 77 399 27 75 m3 1079
Columne Load Case 2 56 341 &9 250 147 1045
R Factor Used in EQM 1 - 08 - 0.6 08
Abutment 3 Load Case ! 3338 - 560 - 599 574
Load Case 2 1046 - 18686 - 590 582
Design Step Modified Design Forces for Foundations
7.3.2 [Division I-A, Article 7.2.1(B)]

Use Equation (7-2) in Division I-A to calculate the maximum forces in the
bent column foundations.

Group Load =1.0 (D + B + SF + E + EQF) Division 1-A
Eqgn (7-2)

FHWA Seismic Design Course 433



Design Step 7— Determine Design Forces Design Example No. 1
Single-Mode Method — Spring Support Condition Two-Span Bridge

Design Step For this problem, forces B, SF, and E are assumed zero; only D and EQF forces
7.3.2 are combined. The equation reduces to

(continued)

Group Load =1.0 (D + EQF )

Where EQF = (LC1 or LC2 forces) divided by R

@) Recall the Response Modification Reduction Factor, R
[Division I-A, Article 7.2.1(B)]

R =1for calculating the modified design forces in the foundation
b) Calculate the Modified Design Forces with EQF
Table 21 summarizes the values of EQF modified design forces.

For example, in Bent No. 2, the longitudinal column moment using LC1 is derived
as follows.

M = (D + EQ/R)
= (302 + 484/1.0) = 786 k-ft

All other forces in the table are calculated similarly.
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Design Step 7— Determine Design Forces Design Example No. 1

Single-Mode Method — Spring Support Condition Two-Span Bridge
Design Step
7.3.2 Table 21
(continued) Modified Design Forces for Foundations
with Spring Supports
Longitudinal Force Transverse Force Vertical Force
vL ML A MY Pma Pmin
Location Load Case (kips) (k-ft) (kips) (k-f£} {kips) (kips)

Design Step
7.4

Design Step
7.5

Design Step
7.5.1

R Factor Used in EQF 1 - 1

Abutment 1 Load Case 1 3335 - 465 - 1076 1066

Load Case 2 1043 - 1850 - 1073 1070

R Factor Used in EQF 1 1 1 1 1 1

Bent 2 Load Case 1 76 719 27 304 m3 1079

Columns Load Case 2 55 470 &9 1012 147 1045

R Factor Used in EQF 1 - 1 . ’ 4

Abutment 3 Load Case ! 3338 - 448 - 596 576
Load Case 2 1046 - 1494 - 589 583
Plastic Hinging Forces

As was discussed previously, for the spring support condition, the modified
design forces are so small that it is not necessary to calculate the plastic
hinging forces in the columns. By inspection, the plastic hinging forces
would all be larger; therefore, the modified design forces will be used.

Summary of Forces

Summary of Column Forces

Table 22 summarizes the forces at the top of the outboard columns of Bent
No. 2. These forces were derived in Design Steps 7.1 to 7.4. Note that
plastic hinging forces were not calculated. At this point, because the
seismic forces are so small, it is likely that a nonseismic load case will
control. However, this design example only addresses the seismic load
cases.
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Design Step 7 — Determine Design Forces

Design Example No. 1

Single-Mode Method — Spring Support Condition Two-Span Bridge
Design Step
7.5.1 Table 22
(continued) Summary of Forces on Bent 2 Columns
with Spring Supports
Longitudinal Force Transverse Force Vertical Force
Description of v, M, \Z M, P O F P oin
Force Type Load Case (kips) (k-ft) (kips) (k-ft) (kips) (kips)
Dead Load Dead Load 41 302 C 0 1096 -
Elastic Longitudinal Analysis 35 457 ] 0 2 -
Seismic Forces Transverse Analysis 4 57 &9 1248 50 -
Orthogonal Load Case 1 36 484 27 374 17 -
Seismic Forces Load Case 2 15 197 &9 1248 51 -
Modified Forces Load Case 1 77 399 - 27 75 m3 1079
Member/Conn Load Case 2 56 341 &9 250 147 1045
Modified Forces Load Case ! 76 719 27 304 m3 1079
Foundations Load Case 2 55 470 &9 1012 1147 1045
Plastic Hinging Forces Not Calculated for Spring Support Condition,
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Design Step 8 — Determine Design Forces Design Example No. 1
Single-Mode Method — Spring Support Condition Two-Span Bridge

DESIGN STEP 8

Design Step
8.1

SUMMARY OF DESIGN FORCES
This design step is similar to Design Step 8 in Section III, except that the
spring support condition is used. As was discussed previously, the plastic

hinging forces were not calculated in Design Step 7.

Column or Pile Bent Design Forces
[Division I-A, Article 7.2.3]

a) Axial Forces per Division I-A, Article 7.2.3(a)

Use the modified forces (same as the elastic forces because R =1.0)
calculated in Design Step 7.3.1 and summarized in Table 22.

Elastic (Modified) Forces

Pmin, = 1045 kips Pmax, = 1147 kips « Use
Hinging Forces

Not calculated.

b) Moments per Division I-A, Article 7.2.3(b)

Use the modified moments calculated in Design Step 7.3.1 and summarized in
Table 22. LC2 controls

M = 341 kipfr Longitudinal moment
M = 250 kipft Transverse moment

For a circular column, the modified biaxial bending moment can be converted to
a moment about a single axis by

f 2 2 .
My = M5+ My M = 423-kip'ft
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Design Step 8 — Determine Design Forces Design Example No. 1

Single-Mode Method — Spring Support Condition Two-Span Bridge
Design Step ¢) Shear Forces per Division I-A, Article 7.2.3(c)
8.1 ' .
(continued) Use the modified forces (same as the elastic forces because R = 1.0)
calculated in Design Step 7.3.1 and summarized in Table 22. LC2 controls
Elastic (Modified) Forces
V| =56 kipft Longitudinal shear
Vi =89 kipft Transverse shear
For a circular column, the modified biaxial shear can be converted to a shear
about a single axis by
. 2 2 _ oL
V= /VL +Vr v, =105-kipft
Hinging Forces Not calculated
d) Summary of Column Forces
Note that both M, and V|, are the vector sum of the orthogonal forces.
Pmin,, = 1045 kips Pmax, = 1147 kips
My = 423 kip-ft
Vmax, = 105 kips
Design Step Pier Design Forces
8.2
Not applicable.
Design Step Connection Design Forces
8.3 [Division I-A, Article 7.2.5]
Design Step Longitudinal Linkage Connections
8.3.1 [Division I-A, Article 7.2.5(A)]

There are no linkage connections; therefore, provisions are not applicable.

FHWA Seismic Design Course - 4-38



Design Step 8 — Determine Design Forces Design Example No. 1
Single-Mode Method — Spring Support Condition Two-Span Bridge

Design Step
8.3.2

Design Step
8.3.3

Design Step
834

Design Step
8.4

Design Step
8.5

Hold-Down Devices
[Division I-A, Article 7.2.5(B)]

The vertical seismic reaction at the abutment is negligible; therefore, no hold
downs are required.

Column and Pier Connection to Cap Beam
[Division I-A, Article 7.2.5(C)]

For seismic loads, the recommended connection design forces between the
column and superstructure cap beam are the forces developed at the top of
the column due to column hinging. The code allows the designer to use the
modified forces calculated in Design Step 7.3.1. Because the column will
probably remain elastic, use the modified forces, already summarized in
Design Step 8.1(d).

Column Connection to Foundation
[Division I-A, Article 7.2.5(C)]

The recommended connection design force between the column and
foundation are the forces developed at the bottom of the column due to
column hinging. Again, because the columns will probably not hinge, use
the modified forces summarized in Design Step 8.1(d).

Cap Beam Design Forces

The cap beam must be designed for the load combinations in Division I,
Table 3.22.1A, except for Group VII seismic loads, Division I-A is to be
used instead. As was discussed previously, use the modified design forces
in the column.

Miscellaneous Design Forces

a) Transfer of Longitudinal Seismic Force into the Soil

From Step 7.3.1 in Table 20, the maximum longitudinal force against the
end diaphragm is 3338 kips at Abutment No. 8. The analysis using Basic
Supports in Section III assumed rollers at the abutment. All the
longitudinal seismic force is then taken by the center bent columns, and
none is taken at the abutment. The analysis in Section IV using Spring
Supports modeled the stiffness of the end diaphragm pushing against the
soil as the superstructure tries to move longitudinally along the length of
the bridge.

FHWA Seismic Design Course 4-39



Design Step 8 — Determine Design Forces Design Example No. 1
Single-Mode Method — Spring Support Condition Two-Span Bridge

Design Step This is the load case from which the 3338 kip force was taken. See
8.5 Figure 44.

(continued)
This longitudinal force must be resisted entirely by the end diaphragm,
which hangs off the end of the superstructure and pushes into the soil.
The end diaphragm is trying to push a triangular wedge of soil, developing
a passive pressure. In the analysis portion of this example, a maximum
pressure of 7.7 ksf was used. This passive pressure capacity produced a
maximum force of 3985 kips. Because the calculated force of 3338 kips is
less, the original abutment spring stiffness did not require modification.’

Passive Soil Resistance Longitudinal |
Against End Diaphragm \ / Seismic Force '
I |
a

H >
" Failure Plane —/ ' Superstructure

of Soil N

¥r‘3\17u1:nf1er'1t Stemwall

End Diaphragm l I

Figure 44 — Soil Resistance at End Diaphragm

Design Step Foundation Design Forces
8.6 [Division I-A, Article 7.2.6]

The design forces for the spread footing under Bent No. 2 intermediate
columns may be either a) or b) below.

a) Modified Design Forces for Foundations
[Division I-A, Article 7.2.1(B)]

These forces were calculated in Design Step 7.3.2 and are summarized in
Table 22, LC2 being the controlling load case. Note that R = 1.0 represents
the full elastic seismic forces.
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Design Step 8 — Determine Design Forces : Design Example No. 1

Single-Mode Method — Spring Support Condition Two-Span Bridge
Design Step Pmin, = 1045 kip Pmax,, = 1147 kips
8.6 '
(continued) Resultant Moment Calculation

M = 470 kipft Longitudinal moment
M = 1012:kip ft Transverse moment

For a circular column, the modified biaxial bending moment can be converted to
a moment about a single axis by

2 2 .
M, = ’ML M M, = M&-kipft

Resultant Shear Calculation

vV =55 kipft Longitudinal shear
V= 89kipft Transverse shear

For a circular column, the modified biaxial shear can be converted to a shear
about a single axis by

. 2_, 2 _ b
vV, = ,vL 'z v, = 105+kip ft

Summary of Forces

Note that both M|, and V|, are the vector sum of the orthogonal forces
Pmin,, = 1045 kips Pmax, = 1147 kips

M, = MG kip-ft

Vu =105 klp

b) Forces from Column Plastic Hinging
[Division I-A, Article 7.2.2]

Not calculated.
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Design Step 8 — Determine Design Forces Design Example No. 1
Single-Mode Method — Spring Support Condition Two-Span Bridge

Design Step Abutment Design Forces
8.7 [Division I-A, Article 7.2.7]

a) Forces Transferred from Superstructure to Abutment Shear Key
[Division I-A, Article 7.4.2(B)]

Table 20 lists the seismic forces on the abutment at the level of the bearings.
Note that R = 0.8 for connections. A summary of the forces at Abutment
No. 1are

Vertical Reaction

F:=1077 kip withR =0.8

Transverse Shear

The transverse shear is transferred from the superstructure, through the
shear key, to the abutment. For the shear key design, use the EQM force with
R'=0.8. Note that the transverse force for the spring support condition is
larger than it was for the basic support condition because the average
transverse displacement of the bridge superstructure is increased.

V1 :=1938 kip withR = 0.8

b) Transverse Forces Transferred from the Abutment into the Soil

Refer to the Modified Design Forces for Foundations, summarized in Table 21
of Design Step 7.3.2. For this condition, R = 1.0 for all cases.

Vertical Reaction

P = 1076 kips with R =1.0
Transverse Shear

VT = 1850 kips with R = 1.0
Longitudinal Shear

See Design Step 8.5.
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Design Step 10 — Design Structural Components Design Example No. 1
Single-Mode Method — Spring Support Condition Two-Span Bridge

DESIGN STEP 10

Design Step
10.1

DESIGN STRUCTURAL COMPONENTS

As was discussed in the introduction to Design Step 7, this section deals
with the spring support condition, which does not allow the superstructure
to move freely at the abutments. This design step will discuss the results
of the column design but does not include detailed calculations.

Final Column Design

The modified forces from Design Step 8.1 are used to design the
intermediate bent columns for seismic loads. For the spring support
condition, the forces are small relative to the basic support condition.
Note that forces due to other loads, such as live load or stream flow, may
end up controlling over these smaller load combinations with seismic
loads.

Based on the design axial load, the ¢ factor used for the design of the fiexure
reinforcing is ¢ = 0.61. A 36-inch-diameter column with 1.0 percent reinforcing
will be sufficient to resist these loads for the spring support condition. This
compares to the 48-inch-diameter column with 1.9 percent reinforcing for the
basic support condition.

In the case of the basic support condition (Section III), the bent columns
are designed to be ductile and form a plastic hinge. If a larger than
expected earthquake occurs, the columns should perform well. In the
spring support condition (Section IV), the columns may not perform as
well should the seismic loading exceed the design level earthquake, and
should a failure at the abutment result in larger than expected deflections
at the columns.

Conclusion: The manner in which the superstructure is terminated at the
abutment has a large impact on the intermediate bent columns. Allowing
the superstructure to translate longitudinally (Section III), results in a
larger column than if the superstructure is locked in against the soil

-(Section IV). Design philosophies of local jurisdictions often control which

support condition is used.
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Design Step 11 — Design Foundations Design Example No. 1
Single-Mode Method — Spring Support Condition Two-Span Bridge

DESIGN STEP 11

DESIGN FOUNDATIONS
(FOOTINGS UNDER BENT NO. 2 COLUMNS)

The column requirements for the spring support condition (36-inch diameter
with 1 percent reinforcement) are much smaller than for the basic support
condition (48-inch diameter with 1.9 percent reinforcement). Therefore, the
resulting footing size is also smaller. instead of a 20-foot-square footing, only
a 10-foot-square footing is required to resist the dead plus seismic forces.
Note that this footing size is based on the fact that no plastic hinging forces
are transferred from the column to the footing. Also, other load combinations
may control and require a larger footing,

The maximum soil stress is larger with this 10-foot footing (21.9 ksf) than
with the 20-foot footing (9.8 ksf). The reason is the footing size in the
spring support condition is controlled by the soil pressure criteria, while
the footing size in the basic support condition is controlled by the one-half
uplift criteria.
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1
Uniform Load Method Two-Span Bridge

SECTION V

INTRODUCTION

ANALYSIS

Design Step
6.3

Design Step
6.3.1

ANALYSIS USING UNIFORM LOAD METHOD FOR BOTH BASIC
AND SPRING SUPPORTS

APPLICATION OF THE UNIFORM LOAD METHOD

For the purpose of illustration, this section explains the use of the Uniform
Load Method for analyzing this bridge in both the transverse and
longitudinal directions. Additionally, the method is demonstrated for both
the basic support condition and the spring support condition.

Because the “stick” model configurations are the same as those used for
the Single-Mode Method in the previous two sections, they are not
discussed again here. Instead the analysis sections, Design Step 6.3 for
the transverse direction and Design Step 6.4 for the longitudinal direction,
are the only ones discussed. The basic support condition results for each
loading direction are presented first; the spring support results are then
presented for each loading direction.

BRIDGE WITH BASIC SUPPORT CONDITIONS

Transverse Analysis, Uniform Load Method, Basic Supports
[Division I-A, Article 4.3]

The Uniform Load Method is a static loading method in which a uniform
load is applied to the bridge in the direction under consideration, either
transverse or longitudinal. Based on the deflection produced by the load, a
stiffness in the appropriate lateral direction is calculated. From this, a
period and then the seismically induced lateral force are determined. This
is then applied to the structure, and the internal forces, reactions, and
displacements are determined.

Static Displacements

[Division I-A, Article 4.3, (Step 1)]

The displacements for a 100-kip-per-foot transverse loading is given in
Table 23. The SAPQ0 input file for this analysis is FITUL4C.

The analysis performed in this step could be performed by hand
calculations. However, SAP90 was used to perform the analysis so that all
the member forces could be determined directly.

Basic Spring
Transverse | Longitudinal | Tranoverse | Longitudinal
Uniform | 0ad | e
Single-Mode
Muttimode
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1

Uniform Load Method Two-Span Bridge
Design Step
6.3.1 Table 23
(continued) _ Transverse Displacements for 100-kip/foot Uniform Load
Displacements (feet)
Abut 1 /4 Span 1/2 Span 3/4 Span Bent 2 /4 Span /2 Span  3/4 Span Abut 2
0.0000 0.06868 0.1215 0.1488& 0.1454 0.1254 0.0921 0.0489 0.0000

The maximum displacement is 0.1488 foot at the 3/4 point of Span 1.

Design Step Transverse Stiffness
6.3.2 [Division I-A, Article 4.3 (Step 2)]

Recall the following for the bridge.

L= 242-ft Overall length of bridge
W = 4876 kip Weight of bridge
kip
Po = 100'§ Unit uniform load applied to bridge

Lateral stiffness of bridge based on the calculated maximum deflection from
the SAPO0 model.

Pol kip
Kiz—oo K = 162634+
0.1488 ft Division I-A
Eqgn (4-1)

Design Step Fundamental Period
6.3.3 [Division I-A, Article 4.3, (; Step 3)]

The fundamental period of the bridge in the transverse direction is given below.

Note that the constant ‘g’, which is the acceleration due to gravity, must
have consistent units.

Spri
Transverse | Lorgitudinal | Transverse | Longitudinal

Multimode
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1

Uniform Load Method

Design Step
6.3.3
(continued)

Design Step
6.3.4

Two-Span Bridge

The fundamental period, T

W
T=2m |— T = 0.192-s€c

Ja K Division I-A
Eqn (4-3)

Equivalent Transverse Load
[Division I-A, Article 4.3 (Step 4)]

The equivalent static earthquake load is calculated using Equations (3-1) and
(4-4) of the Specification.

The equivalent transverse load is defined in terms of the seismic response
coefficient C, which in turn is based on the acceleration coefficient and the
site coefficient. Recall that the acceleration coefficient A and the soil
coefficient S are

A =028 S =12
The seismic response coefficient is
2

| 12-66c> AS

Cg > Cgy=1212
3
T Division I-A
Egn (3-1)
Note that the constant 1.2 in Equation (8-1) carries units of seconds raised
to the 2/3 power. This is the result of A and S being nondimensional and
the requirement that Cs also be nondimensional.

The value of the coefficient does not need to exceed 2.5 times the acceleration
coefficient.

25A =07 Thus, C, =07

Basic Spring
Transverse | Longitudinal | Traneverse | Longitudinal
Uniform Load | s
Singie-Mode
Muttimode
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1
Uniform Load Method Two-Span Bridge

Design Step The equivalent lateral load is then
6.3.4
(continued) Y .
. = Co— kip
Pe = s =14.10-—
L Pe £t
Division I-A
Egn (4-4)

Design Step Displacements and Member Forces
6.3.5 [Division I-A, Article 4.3, (; Step 5)]

The original displacements and forces determine by the SAPOO0 analysis can
now simply be scaled by the ratio of the original uniform load (100 kips/foot)
and the equivalent lateral load.

The results applicable to the seismic design are given in Table 24. These are
scaled.

It is seen in the table that longitudinal forces are developed in the columns
of the bent even though loading is only applied in the transverse direction.
This is due to the unequal spans. Since the bent is not in the center of the
bridge there is some rotation about a vertical axis that is induced in the
bent. This then causes longitudinal forces to develop in the columns.

Basic Spring
Transverse | Longitudinal | Traneverse Longitudinal
Uniform Load —
Sirgle-Mode
Multimode
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Design Step 6 — Determine Elastic Forces and Displacements

Design Example No. 1

Uniform Load Method Two-Span Bridge
Design Step
6.3.5 Table 24
(continued) Response for Uniform Load, Transverse Direction,
and Basic Foundation
Forces and Moments
Longitudinal Transverse
Shear |Moment| Shear | Moment| Axial
(kips) | (kip-ft) | (kips) | (kip-ft) | (kips)
Abutment 1 0] 0 16086 566 0]
Center |Top 0] 0. 782 1067 0
Bent Bottom 0] 0] 782 914 0
2
Outboard |Top 7.9 107 775 1058 427
Bottom 7.9 925 775 207 427
Abutment 3 0] 0] 1572 832 0]
Displacements (ft)
Abut1| 1/4pt 12pt | 3/4pt | Bent2 | 1/4pt | 1/2pt | Bl4pt | Abut 3
0 0.0097 | 0.0172 | 0.0210 } 0.0205| 0.0177 | 0.0130 |0.0069 0
Basic Spring
Transverse | Lomgitudinal | Transverse | Lorgitudinal
[ Single-Mode
Multimode
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1

Uniform Load Method

Design Step
6.4

Design Step
6.4.1

Design Step
6.4.2

Two-Span Bridge

Longitudinal Analysis, Uniform Load Method, Basic Supports
[Division I-A, Article 4.3]

The response of the bridge is determined in the longitudinal direction in
the same fashion as for transverse loading. However, in this case the
uniform load is applied along the deck in the longitudinal direction.

Static Displacements
[Division I-A, Article 4.3, (Step 1)]

The displacements for a 100-kip/foot longitudinal loading are given in Table 25.
The SAPOO input file for this analysis is FILSMAC.

Table 25
Longitudinal Displacements for 100-kip/foot Uniform Load

Displacements (feet)

Abut 1 1/4 Span /2 Span 3/4 Span  Bent 2 /4 Span V2Span  3/4 Span Abut 2
2551 2550 2547 2542 2535 2539 2541 2543 2543

Because of the large axial stiffness of the superstructure the longitudinal
displacements are essentially the same all along the length of the bridge.

Longitudinal Stiffness
(Division I-A, Article 4.3, (Step 2)]

Longitudinal stiffness of bridge is based on the calculated maximum deflection
from SAPS0 model.

Recall the following for the bridge.

L = 242-ft Overall length of bridge
W = 4876 kip Weight of bridge
kip
Po = 100'§ Unit wniform load applied to bridge
Basic Spring
Transverse | Lorgitudinal | Transverse | Longitudingl
Uniform Load E—
Single-Mode
Muttimode
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1

Uniform Load Method

Design Step
6.4.2
(continued)

Design Step
6.4.3

Design Step
6.4.4

Two-Span Bridge

Lateral stiffness of bridge based on the calculated maximum deflection from
the SAPIO0 model.

Po't kip
= K = 94‘86 hd
2.551-f fr Division I-A

Egn (4-1)

Fundamental Period
[Division I-A, Article 4.3, (Step 3)]

Using the same weight that was calculated for the transverse loading, the
fundamental period can be calculated.

The fundamental period, T

W
T = 2-n-J——— T = 0.794 sec
g'K Division |-A
Egn (4-3)

Equivalent Longitudinal Load
[Division I-A, Article 4.3, (Step 4)]

The equivalent longitudinal load is defined in terms of the seismic response
coefficient C, which in turn is based on the acceleration coefficient and the
site coefficient. Recall that the acceleration coefficient A and the soil
coefficient S are

A =028 5 =12

The seismic response coefficient is

3
1.2:'eec”*A'S
s = ———2—— C 5 = 0.47
Division I-A
Egn (3-1)
Basic Spring
Transverse | Longitudinal | Transverse | Longitudinal

Uniform Load ——

Singie-Mode

Muttimode
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1

Uniform Load Method

Design Step
6.4.4
(continued)

Design Step
6.4.5

Two-Span Bridge

The value of the coefficient does not need to exceed 2.5 times the acceleration
coefficient.

25°A =07 This does not control.

The equivalent lateral load is then

w ,

— — ki
Pe = Cs L Pe= 0.47.-F
fr Division I-A

Eqgn (4-4)

Displacements and Member Forces
[Division I-A, Article 4.3 (Step 5)]

The original displacements and forces determined by the SAP90 analysis
can now be scaled by the ratio of the original uniform load and the
equivalent load just calculated. The results of this scaling are given in
Table 26.

Basic Sprirg
Transverse | Lorgitudinal | Transverse |Longitudinal
Uniform Load —
Single-Mode
Multimode
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1
Uniform Load Method Two-Span Bridge
Design Step
6.4.5 Table 26
(continued) Response for Uniform Load, Longitudinal Direction,
and Basic Foundation
Forces and Moments
Longitudinal Transverse
Shear | Moment| Shear |Moment| Axial
(kips) | (kip-ft) | (kips) | (kip-ft) | (kips)
Abutment 1 0 0] 0] 0] 105
Center |Top TN 9978 0 0 35.5
Bent Bottom 77 9566 0 0 355
2
Outboard [Top 760 9790 0 0 255
Bottom 760 9481 0 0 355
Abutment 3 0 0] 0] 0] 21
Displacements (ft)
Abut 1 114 pt 12pt | Bl4pt | Bent2 | V4pt | V/2pt |3/4pt|Abut 3
0242 | 0.242 0.241 0241 | 0240 | 0240 | 0241 | 0241 | 0.242
Basic Spring _
Transverse | Longitudinal | Traneverse | Longitudinal
Uniform Load ——
|_Single-Mode
Multimode
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Design Step 6 — Determine Elastic Forces and Displacéments Design Example No. 1

Uniform Load Method

ANALYSIS

Design Step
6.3

Two-Span Bridge

BRIDGE WITH SPRING SUPPORT CONDITIONS

Transverse Analysis, Uniform Load Method
[Division I-A, Article 4.3]

Since the process for determining the response of the system with springs
included is the same as that used in the previous steps, only a summary of
results is given.

The SAPQ0 input file for the analysis is FITS4. ‘
The period of the bridge in the transverse direction is T = 0.299 second.
The scaled results applicable to the seismic design are given below in Table 27.

Table 27
Response for Uniform Load, Transverse Direction,
and Spring Foundation

Forces and Moments

Longitudinal Transverse

Shear |Moment| Shear | Moment| Axial

(kips) | (kip-ft) | (kips) | (kip-ft) | (kips)

Abutment 1 0] 0] 1595 o9 0]
Center |Top 0] 0 89.7 1255 0
Bent Bottom 0] 0 89.7 1018 0
2
Outboard |Top 2.8 52.6 89.3 1250 50.2
Bottom 2.8 43.6 89.3 1014 50.2

Abutment 3 o) 0 1550 977 0

Displacements (ft)

Abut1 | 1/4pt 2pt | 3/4pt | Bent2 | V4pt | 1/2pt 34 pt | Abut 3
0.0207| 0.0401 | 0.0473 | 0.0505 | 0.0503 | 0.0474 | 0.0428& 0.0367]0.0298

Basic Sprirg
Transveree | Longitudinal | Transverse Lorgitudinal
UniformLaad ——

Single-Made
Multimode
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1
Uniform Load Method Two-Span Bridge

Design Step 6.4 Longitudinal Analysis, Uniform Load Method
[Division I-A, Article 4.3]

Recalculate the longitudinal response using spring supports and reduced
column moment of inertia. The response of the bridge is determined in the
same fashion as for transverse loading. Again, only a summary of the
results is given.

The SAPQ0 input file for the analysis is FI1LS4.
The period of the bridge in the longitudinal direction is T = 0.194 second.
The scaled results applicable to the seismic design are given below in Table 28.

Table 28
Response for Uniform Load, Longitudinal Direction,
and Spring Foundation

Forces and Moments

Longitudinal Transverse
Shear [Moment| Shear [Moment! Axial
(kips) | (kip-ft) | (kips) | (kip-ft) | (kips)
Abutment 1 1656 0 0 0 5
Center |Top 24.9 476 0 0 17
Bent Bottom | 34.9 409 0 0] 1.7
: Outboard [Top 34.7 472 0 0 17
Bottom | 347 407 0 0 1.7
Abutment 3 1653 0] o) 0] 101

Displacements (ft)

Abut 1| Y4pt YV2pt | Sl4pt | Bent2 | 1/4pt | 12pt | Bl4pt | Abut 3
0.0199| 0.0207 | 0.0213 | 0.0215 | 0.0214 | 0.0213 | 0.021 10.0205| 0.0199

Basic Spring
Transverse | Longitudinal | Transverse | Longitudinal
Uniform Load —

Sirgle-Mode
Multimode
FHWA Seismic Design Course ‘ 5-11
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1
Multimode Spectral Method Two-Span Bridge

SECTION V1

INTRODUCTION

ANALYSIS

Design Step
6.1

ANALYSIS USING MULTIMODE SPECTRAL METHOD
FOR BOTH BASIC AND SPRING SUPPORTS

APPLICATION OF THE MULTIMODE SPECTRAL METHOD

For the purpose of illustration, repeat the analyses of the bridge using the
Multimode Spectral Method, Procedure 3 of AASHTO I-A. As stated in
Section III, this step is not required for this example. The Multimode
Spectral Method is employed here to illustrate its application to both
bridge examples — the basic and the spring-supported case. In fact, with
many of the available analysis programs, the Multimode Spectral Method
is perhaps the easiest method to apply because the programs perform the
calculations directly.

BRIDGE WITH BASIC AND BRIDGE WITH SPRING SUPPORT
CONDITIONS

Description of Models and Frequency Analysis Using Multimode
Spectral Method
[Division I-A, Article 4.5]

The Multimode Spectral Method is based on the fact that the dynamic
response of linear elastic structures may be characterized by the
superposition of response of each of the structure’s modes of vibration. In
practice, the maximum response for each mode is estimated using an input
design response spectra. For typical dynamic loadings, the maximum
response in each mode does not occur at the same time; thus a simple
summation of the individual maxima would be overly conservative. To
account for this fact, various methods of combining the modal responses
have been developed. A thorough discussion of modal dynamic analysis
may be found in structural dynamics textbooks (e.g., Clough & Penzien,
1993). ‘

A description of the models and the application of the Multimode Spectral
Method will be discussed first along with the results that are general to
both directions of loading (e.g., mode shapes, periods, and loading).
Following this, the response and internal force results for both the
transverse and longitudinal loading directions will be discussed. In this
discussion, both the basic and spring-supported models and results are
described.
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1

Multimode Spectral Method Two-Span Bridge
Design Step Mathematical Models for Multimode Response
6.1.1 [Division I-A, Article 4.5.2]
The models described for both the Uniform Load and Single-Mode Spectral
Methods also are used for the multimodal analysis. The only difference is
that mass is required for all the elements. In the SAP90 analysis, the
mass is specified per unit length of the members. The program then
determines the appropriate mass-to assign to each node. Additionally,
lumped nodal masses may also be specified for elements not modeled
directly.
Design Step Mode Shapes and Periods
6.1.2 [Division I-A, Article 4.5.3]

Typically for prismatic frame elements, half of the element mass is
assigned to each end node. For the case where all masses are considered
lumped at discrete points (e.g., no rotational inertia) and for which there
are no nodes that have identical displacements, the number of vibration
modes for the model will be equal to three times the number of nodes less
the number of support translational restraints.

For the basic model there are 17 nodes and 13 translational restraints.
Therefore, there are 38 modes of vibration, and each has a unique period and
mode shape. This can be seen in Table 29 as the ‘number of masses’. This
table is taken from the SAPI0 output for the basic model, input file FITULAC.
Likewise for the spring supported model, as given in FITS4, the abutment
hodes are allowed to translate in the ‘Z direction; thus two more modes of
vibration are added, and the number of masses listed in the output file is 40.
See Table 20.

The program used to analyze the models will typically determine as many
mode shapes and periods as the user specifies. Normally, not all are
required to get an appropriate estimate of the response and internal
forces.

The vibration properties are given under various names. For instance,
mode shape, vibration shape, and eigenvector are all names for the same
quantity. Likewise, frequency, period, and eigenvalue are all used to
characterize the rate of vibration. These terms differ by the units used and
by the inverse of one another (e.g., period is the inverse of frequency).
These are all seen in Tables 29 and 30.
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Design Step 6 — Determine Elastic Forces and Displacements
Multimode Spectral Method

Design Step

Design Example No. 1
Two-Span Bridge

6.1.2
(continued)

Table 29
System Equations and Frequencies
for Basic Foundation Model

PROGRAM: SAP90/FILE: f1tuldc.EIG
C FITUL4C 4 ft. dia. col.

EIGEN SYSTEM PARAMETERS
NUMBER OF EQUATIONS - 78
NUMBER OF MASSES - 38
NUMBER OF VALUES TO BE EVALUATED - 15
SIZE OF SUBSPACE - 19
MODE EIGENVALUE CIRCULAR FREQ FREQUENCY PERIOD
NUMBER (RAD/SEC)**2 (RAD/SEC) (CYCLES/SEC) (SEC)
1 0.606219E+02 0.778601E+01 1.239182 0.806984
2 0.199010E+03 0.141071E+02 2.245216 0.445392
3 0.818561E+03 0.286105E+02 4.553502 0.219611
4 0.128067E+04 0.357865E+02 5.695596 0.175574
) 0.244260E+04 0.494226E+02 7.865859 0.127132
6 0.840641E+04 0.916865E+02 14.592353 0.068529
7 0.957479E+04 0.978508E+02 15.573445 0.064212
8 0.174203E+05 0.131986E+03 21.006200 0.047605
9 0.191682E+05 0.138449E+03 22.034859 0.045383
10 0.269107E+05 0.164045E+03 26.108526 0.038302
11 0.437236E+05 0.209102E+03 33.279597 0.030048
12 0.622932E+05 0.249586E+03 39.722864 0.025174
13 0.932711E+05 0.305403E+03 48.606414 0.020573
14 0.130158E+06 0.360774E+03 57.419016  0.017416
15 0.139134E+06 0.373006E+03 59.365809 0.016845
Table 30

System Equations and Frequencies

for Spring Foundation Model

FHWA Seismic Design Course

SYSTEM

NUMBER OF EQUATIONS
NUMBER OF MASSES

NUMBER OF VALUES TO BE EVALUATED
SIZE OF SUBSPACE

MODE

Z
g
B
¥
)

WO U & W

(RAD/SEC)**2
.183861E+03
.498960E+03
.798505E+03
.107685E+04
.198898E+04
.242655E+04
.B32955E+04
.B44526E+04
.957443E+04
.196357E+05
.269082E+05
.415340E+05
.436080E+05
.645186E+05
.132191E+06

[eReNoNeNeNeNeNeo = NeNeNoNeNolle)

OO O0OO0DO0O0OD0DO0OO0OO0OO0OO0ODO0OO O

PROGRAM: SAP90/FILE: f1ts4 .EIG
C F1TS4 springs at abut. and col. / 4 ft. dia. col. Icol=0.5Igross
EIGEN

PARAMETERS

- EIGENVALUE CIRCULAR FREQ

(RAD/SEC)

.135595E+02
.223374E+02
.282578E+02
.328154E+02
.445980E+02
-492600E+02
.912663E+02
.918981E+02
.978490E+02
.140127E+03
.164037E+03
.203799E+03
.208825E+03
.254005E+03
.363581E+03

86
40
15
19

FREQU

ENCY

(CYCLES/SEC)

NNV e WwN

14.
14
15
22.
26
32.
33
40.
57.

.158068
.555110
.497374
.222735
.097985
.839981

525490

.626040
.573151

301983

.107317

435592

.235574

426157
865732

PERIOD

(SEC)
0.463377
0.281285
0.222352
0.191471
0.140885
0.127551
0.068844
0.068371
0.064213
0.044839
0.038303
0.030830
0.030088
0.024736
0.017281



Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1
Multimode Spectral Method Two-Span Bridge

Design Step
6.1.3

Multimode Spectral Analysis
[Division I-A, Articles 4.5.4 and 3.6.2]

(a) Spectral Loading

A design response spectrum must be input to provide loading for the
models. This spectrum is specified in Section 3.6.2 of Division I-A, and it
applies in both the transverse and longitudinal directions. As shown in
Figure 8, Equation (3-2) and the corresponding upper limit of two and a
half times A effectively define the spectrum as a function of period T.
Most programs will require period-spectrum data pairs to be input. Thus,
the user must calculate the Cgpy, values that will define a smooth function
within the analysis software. (Cgp, is the modal analysis version of Cs)
The range used must cover the entire range of expected periods for the
structure.

Some State Departments of Transportation (DOTs) and some local
agencies have their own design response spectra that are used in lieu of
the Division I-A spectra. These may be pre-determined spectra that have
been selected to replace the AASHTO spectra. They may be acceleration
amplification factors that use the AASHTO acceleration coefficient A but
alter the spectral shape as a function of period T. Or they may be site-
specific spectra that are developed by geotechnical engineers and
incorporate the influence of soil conditions immediately adjacent to the
bridge. As stated in Division I-A, Article 3.6, these alternate spectra
should be 5 percent damped spectra. Regardless of the spectra chosen, the
values used as input for the program will need to be expressed in the same
form.

(b) Minimum Number of Modes

As mentioned above, most dynamic response can be adequately
characterized without using all the vibration modes. The minimum
number of modes required is specified in Division I-A, Article 4.5.4 as
three times the number of spans.

Another way of assessing how many modes are sufficient to characterize
response is to calculate the percentage of mass that participates in each
mode, then ensure that some minimum value of participating mass is used
in the analysis for each direction. Typically, at least 90 percent of the total
mass should be used in each of the three directions.
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1

Multimode Spectral Method Two-Span Bridge
Design Step However, the designer should not rely on only the percent of mass
6.1.3 participation. The mode shapes should be inspected to determine that
(continued) important masses are excited by the selected modes. If an insufficient

number of modes is chosen, then both the internal structural forces and
the reactions may be incorrect. The designer should ensure that enough
modes have been used to accurately predict the forces and reactions.

Two scenarios regarding this issue may arise: 1) very stiff springs are
used to model supports, and, due to the high stiffness of the springs, the
cumulative mass participation factor converges to a number less than

90 percent for any reasonable number of modes used. This is not a
problem as long as those supports are not intended to move; 2) movement
of a support is suppressed due to truncation of the number of modes used,
and the reaction forces at that particular support are erroneous, even
though 90 percent of the mass participation has been ensured. This can be
corrected simply by ensuring that the modes corresponding to movement
of the masses at the support location are included in the analysis.

Example results for the basic and spring models are given in Tables 31 and 32,
respectively. The first three columns show the participating mass in each
direction for each mode. The next three columns show the cumulative
participating mass in each direction. It can be seen that the first four modes
for the two models capture most of the mass, although to obtain 90 percent
in all three directions, 12 modes must be used for the basic model and 11 modes
for the spring model.

Figures 45 and 46 show the first four mode shapes for the basic and epring
model, respectively. When the participating masses shown in Tables 31 and 32
are compared with the primary displacement direction of the mode, the
participating mass values are evident. The figures also show that the
substitution of springs for rigid and sliding supports causes the ordering of
the modes to change.
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Design Step 6 — Determine Elastic Forces and Displacements . Design Example No. 1

Multimode Spectral Method Two-Span Bridge
Design Step
6.1.3 Table 31
(continued) » Participating Mass for Basic Foundation Model

PROGRAM:SAP90/FILE:fltul4c.EIG
C FITUL4C 4 ft. dia. col.

PARTICIPATING M A S S - (percent)

MODE X-DIR Y-DIR Z-DIR X-SUM Y-SUM Z-SUM
1 93.148 0.646 0.000 93.148 0.646 0.000
2 4.807 26.201 0.000 97.955 26.847 0.000
3 0.322 45.473 0.000 98.277 72.321 0.000
4 0.000 0.000 88.890 98.277 72.321 88.890
5 0.032 4.434 0.000 98.309 76.754 88.890
6 0.013 0.000 0.000 98.322 76.755 88.890
7 0.000 7.999 0.000 98.322 84.754 88.890
8 0.000 0.000 0.000 98.322 84.754 88.890
9 0.000 0.000 0.000 98.322 84.754 88.890

10 0.000 12.396 0.000 98.322 97.151 88.890

11 0.001 1.149 0.000 98.323 98.300 88.890

12 0.000 0.000 0.000 98.323 98.300 88.890

13 0.000 0.000 7.103 98.323 98.300 95.993

14 0.000 0.000 0.000 98.323 98.300 95.993

15 0.000 0.000 0.000 98.323 98.300 95.993
Table 32

Participating Mass for Spring Foundation Model

C F1TS4 springs at abut. and col. / 4 ft. dia. col. Icol=0.5Igross

PARTICIPATING M A S S - (percent)

MODE X-DIR Y-DIR Z-DIR X-SUM Y-SUM Z-SUM
1 0.031 25.329 0.000 0.031 25.329 0.000
2 0.000 0.000 95.699 0.031 25.329 95.699
3 0.603 46.588 0.000 0.633 71.917 95.699
4 97.627 0.232 0.000 98.261 72.148 95.699
5 0.000 0.000 0.004 98.261 72.148 95.703
6 0.026 4.607 0.000 98.286 76.755 95.703
7 0.005 0.001 0.000 98.291 76.756 95.703
8 0.000 0.000 2.643 98.291 76.756 98.347
9 0.000 7.997 0.000 98.291 84.754 98.347

10 0.000 0.000 0.000 98.291 84.754 98.347
11 0.000 12.386 0.000 98.291 97.139 98.347
12 0.000 0.000 0.000 98.291 97.139 98.347
13 0.000 1.161 0.000 98.292 98.300 98.347
14 0.053 0.000 0.000 98.345 98.300 98.347
15 0.001 0.000 0.000 98.345 98.300 98.347
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Multimode Spectral Method Two-Span Bridge

Design Step
6.1.3
(continued)

-7

Mode 4

Figure 45 — Mode Shapes for Model with Basic Supports

Mode 3 L Mode 4

Figure 46 — Mode Shapes for Model with Spring Supports

Typically the modes are numbered sequentially from the longest period
mode to the shortest.
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1

Multimode Spectral Method Two-Span Bridge
Design Step | Structures are usually described as having a transverse and a longitudinal
 6.13 period. It is evident that many periods actually exist. In fact, as more
(continued)

nodes are added, the number of periods increases. The actual structure
has an infinite number of periods owing to its mass being distributed
throughout rather than being lumped at discrete points. Therefore, the
designations transverse and longitudinal period correspond to the modes
with the longest period in each direction.

(c) Summary of Periods Obtained by Three Analysis Methods

At this point a summary of the transverse and longitudinal periods
determined by the three methods of analysis is helpful in assessing the
accuracy of each method. The periods calculated for the Multimode
Spectral Method are taken as being the most accurate, and the periods
from the other two methods may be compared to these values. Table 33
summarizes the periods in both directions. It is evident that all the
methods produce similar periods. As shown, the Uniform-Load Method is
the least accurate, since it produces periods that have the greatest
difference from the Multimode Spectral Method. The Single-Mode Method
is seen to provide periods that are very nearly equal to the multimode
values.

Table 33
Summary of Periods from Various Analysis Methods and Models

Period (sec)
Foundation Procedure Transverse Longitudinal
Uniform Load 0.192 0.794
Basic Single-Mode 0172 0.791
Multimode 0176 0.607
(mode 4) (mode 1)
Uniform Load 0.299 0.194
Springs Single-Mode 0.279 0.191
Multimode 0.281 0.191
(mode 2) (mode 4)
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1
Multimode Spectral Method Two-Span Bridge

Design Step (d) Checking and Quality Assurance
6.1.3

(continued) The comparison of periods is important as a checking method. The Uniform
‘ Load Method is essentially a hand calculation that may be used to
approximately check the results of the modal analysis, which is typically
performed using a computer. Quick hand checks of this nature are always
helpful.

Another check for assuring that the structural model is accurate and is, in
fact, what was intended, is to closely examine the mode shapes,
particularly the fundamental or longest period mode shapes. Often, errors
in element connectivity, internal releases, and support conditions are
readily apparent in the mode shapes. Some programs allow the mode
shapes to be “animated,” meaning that they are shown vibrating on the
computer screen. This feature can be invaluable in detecting connectivity
problems.

An example of using the mode shape plots to debug connectivity problems
is shown in Figure 47. The far left-hand column was not fixed in the
SAPI0 input file. This was done simply by applying the incorrect last
node number of a restraint generation command. The effect of not
connecting the column to the foundation is readily apparent by the relative
displacement between the column and the undeformed, broken-line sketch.

Figure 47 — Shape of Mode 4 with One Column Base Released
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1

Multimode Spectral Method Two-Span Bridge
Design esisleg Hand Check v 6.1.3 (3-Basic) Check No. 1 Longitudinal Period
(continu.ec.l)

Finally, a rough check on the longitudinal fundamental period can be made
by lumping all the mass at the bent and rerunning the mode shape and
frequency analysis. This is valid for the longitudinal direction since the
superstructure is so stiff that all the mass displaces the same amount
longitudinally. Because only one mass is used and it has three
translational degrees-of-freedom, there are only three mode shapes and
periods. Only the translational one is of interest.

This calculation was done for the basic foundation model. The SAPO input
file is FILML and the result of the analysis was a longitudinal period of
0.791 second. This is very close to the multimodal 0.807 second period.
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1

Multimode Spectral Method Two-Span Bridge
ANALYSIS BRIDGE WITH BASIC SUPPORT CONDITIONS
Design Step Transverse Analysis, Multimode Spectral Method, Basic Supports
6.3 [Division I-A, Article 4.5]

‘Using the Multimode Spectral Method, perform a transverse analysis for

the basic foundation case. Transverse analysis means that the input
response spectrum was assigned to the transverse direction, and in this
case no longitudinal or vertical spectra were used.

The analysis program handles all the calculations, including the modal
combinations. In this case, 15 modes were used to characterize the
response. This number was kept constant for all the analyses.

The results are given in Table 34. The SAPO.input file for this analysis is
FITUL4C. Shown in the table are only those items that are to be used in the
design process or that are useful in comparing with the results previously
obtained.

Combination of Modal Forces and Displacements
[Division I-A, Article 4.5.5]

The response of the model in each of the calculated modes must be
superimposed to estimate the overall response. As mentioned previously,
all the modal maximum responses do not occur simultaneously; therefore a
simple summation of the modal absolute values is not appropriate. Most
programs use either the square root of the sum of the squares method
(SRSS) or the complete quadratic combination method (CQC). The
simplest is the SRSS method, and it is adequate when the modal periods
are well spaced. When the periods are close, coupling between modal
response can occur and thus the CQC method should be used. This
method accounts for coupling between modes, preserves the signs of the
cross-modal terms, and is based on random vibration fundamentals. Most
programs now have the CQC method as an option. The method requires
very little additional run time for most models. Therefore, it should be
used exclusively. This eliminates the judgment of what constitutes closely
spaced periods.

Basic Spring
Transverse | Longitudinal | Traneverse [ Longitudinal
Uniform Load
Single-Mode
Multimode ——
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Design Step 6 — Determine Elastic Forces and Displacements

Design Example No. 1
Multimode Spectral Method Two-Span Bridge
Design Step
6.3 Table 34
(continued) A Response for Multimode Method, Transverse Direction,
and Basic Foundation
Forces and Moments
Longitudinal Transverse
Shear |Moment| Shear |Moment| Axial
(kips) | (kip-ft) | (kips) | (kip-ft) [ (kips)
Abutment 1 o 0 1237 607 0]
Center |Top 0 0 79.9 1090 0]
Bent Bottom 0 0 79.9 934 0
2
Outboard |Top & 10 79.7 10886 44.3
Bottom 8.1 947 79.7 932 443
Abutment 3 0 0 1258 862 -0
Displacements (ft)
Abut1| Vapt | 1/2pt | 3/4pt | Bent2 | 1apt | 12pt | Z/apt | Abur
0 0.0097 | 0.0173 | 0.0213 | 0.0209]| o0.01& | 0.01%2 | 0.0069 0

Transverse | Longitudinal | Transverse |Longitudinal

Uniform Load
Single-Mode
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Design Step 6 — Determine Elastic Forces and Displacements

Multimode Spectral Method

Design Step

6.4 Basic Supports

[Division I-A, Article 4.5]

Design Example No. 1
Two-Span Bridge

Longitudinal Analysis, Multimode Spectral Method,

Perform the analysis for loading in the longitudinal direction.

The results of the spectral analysis in the longitudinal direction are given in
Table 35 for the basic foundation condition. The SAPOO input file for this
analysis is FILSM4C.

Table 35

and Basic Foundation

Response for Multimode Method, Longitudinal Direction,

Forces and Moments
Longitudinal Transverse
Shear | Moment| Shear |Moment| Axial
(kips) | (kip-ft) | (kips) | (kip-ft) | (kips)
Abutment 1 0] 0 0 0] 280
Center |[Top 725 2280 0 0] 16 -
Bent Bottom 725 om o) 0 16
2
Outboard |Top 715 9106 0 0 1o
Bottom 715 9032 0 0 16
Abutment 3 0 0 0 0] 294
Displacements (ft)
Abut 1 1/4 pt Vo2pt | S/4pt | Bent2 | 1/4pt | 1/2pt | B/4pt | Abut 3
02352 02251 | 02348 | 0.2344 | 02338 | 0.2341 | 0.2343 | 0.2344 | 0.2345
Basic Spring
Transverse | Longitudingl | Traneverse | Longitudinal
Uniform Load
Single-Made
Mum:m ——
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1

Multimode Spectral Method . Two-Span Bridge
ANALYSIS BRIDGE WITH SPRING SUPPORT CONDITIONS
Design Step Transverse Analysis, Multimode Spectral Method, Spring Supports
6.3 ’
Repeat the spectral analysis for loading of the spring-supported structure
in the transverse direction.
The results of the transverse spectral analysis are given in Table 36. The
SAP0 input file for this analysis is FITS4.
Table 36
Response for Multimode Method, Transverse Direction,
and Spring Foundation
Forces and Moments
Longitudinal Transverse
Shear |Moment| Shear |Moment| Axial
(kips) | (kip-ft) | (kips) | (kip-ft) | (kips)
Abutment 1 0 0] 1569 703 0
Center |Top 0 0 911 1274 0
Bent Bottom 0] 0] o1 1033 0
2
Outboard |Top 2.9 54.6 91 1272 51.2
Bottom 3.9 44.4 A 1032 51.2
Abutment 3 0 0] 1415 298 0
Displacements (ft)
Abut1 | t/4pt V2pt | 3/4pt | Bent2 | 14pt | V2pt | 3/4pt | Abut 3
0.0292| 0.0394 | 0.0474 | 0.0515 | 0.0511 | 0.0481 | 0.0431 [0.0366 0.0293
Basic Spring
Transverse | Longitudinal | Traneverse Longitudinal
Uniform Load
| Single-Mode
Multimode —
FHWA Seismic Design Course
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Design Step 6 — Determine Elastic Forces and Displacements

Multimode Spectral Method

Design Step

6.4 Spring Supports

Design Example No. 1
Two-Span Bridge

Longitudinal Analysis, Multimode Spectral Method,

The results of the longitudinal spectral analysis are given in Table 37. The
SAPOO input file for this analysis is FILS4.

Repeat the spectral analysis for loading of the spring-supported structure
.in the longitudinal direction.

Table 37

and Spring Foundation

Response for Multimode Method, Longitudinal Direction,

FHWA Seismic Design Course

Forces and Moments
Longitudinal Transverse
Shear |Moment| Shear |Moment| Axial
(kips) | (kip-ft) | (kips) | (kip-ft) | (kips)
Abutment 1 1416 0 0] 0 24
Center |[Top 38 532 0 o] 39
Bent Bottom 28 431 0 0] 29
2
Outboard |Top 377 527 0] 39
Bottom 377 429 0 39
Abutment 3 1483 0 0 0] 66
Displacements (ft)
Abut1 | 1/4pt 12pt | S/4pt | Bent2 | Y4pt | 1/2pt | B/4pt | Abut 3
0.0197 1 0.0205 | 0.0211 | 0.0213 | 0.0214 | 0.0212 | 0.0208 |0.0203| 0.0198
Basic Spring
Transverse | Longitudinal | Transverse | Longitudinal
Uniform Load
Single-Mode
Multimode E———
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Design Step 6 — Determine Elastic Forces and Displacements
Multimode Spectral Method

Design Example No. 1
Two-Span Bridge

SUMMARY AND COMPARISON OF RESULTS

The bridge has been analyzed by three different methods for two different
foundation cases in both the transverse and longitudinal directions. All
three of the methods used are acceptable according to the AASHTO
Specification. Therefore the results should be similar. Table 38 contains a
summary of the results for selected members. Each row of the table
contains the results for one member, and thus comparisons between the
results may be made by examining the values in each row.

Table 38
Summary of Results from Various Analysis Methods

Foundation Basic
Analysis Uniform Load| Single-Mode | Multimode
Method i
Maximum | Transverse TA 1608 1277 1258
Abutment Direction LA 0 0 0
Force Longitudinal TA o) O )
(kip) Direction LA 0 0 0
Moment TA 1058 1053 1068
(kip-ft) LA 9790 97920 2106
Outboard Shear TA 775 77.2 79.7
Column (kip) LA 7N 77 715
Axial TA 427 425 44.3
(kip) LA 35.5 25.5 16
Max Displacement (ft) TA 0.0210 0.0208 0.0213
LA 0.2417 0.2417 0.2352

FHWA Seismic Design Course

(continued on the next page)




Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1
Multimode Spectral Method Two-Span Bridge

SUMMARY
(continued) Table 38 (continued)

Summary of Results from Various Analysis Methods

Foundation Springs
Analysis Uniform Load | Single-Mode | Multimode
Method
Maximum | Transverse TA 1595 1550 1415
Abutment | Direction LA 0 ) 0
Force Longitudinal TA 0 0] 0
(kip) Direction LA 1656 1639 1483
Moment TA 1250 1246 1272
(kip-ft) LA 472 457 527
Outboard Shear TA £9.3 £9.2 2
Column (kip) LA 34.7 34.3 377
Axial TA 50.2 501 51.2
(kip) LA 1.7 1.7 39
Max Displacement (ft) TA 0.0505 0.0509 0.0515
LA 0.0215 0.0213 0.0214

TA - Transverse Analysis
LA - Longitudinal Analysis

Table 38 indicates that within each of the two foundation cases — basic
and springs — the results are very similar with the exception of the axial
forces induced in the columns by the longitudinal loading.

Trends

Some general trends are evident. These primarily relate the differences in
response produced by using the soil to resist longitudinal forces and by
accounting for soil flexibility.
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1
Multimode Spectral Method Two-Span Bridge

SUMMARY Forces
(continued)
»  Adding spring supports may increase the transverse shear at those
supports. This may occur at the abutments and at intermediate
_ supports.

»  Ifthe soil at the abutments is used to resist longitudinal force, as was
the case with the spring-supported model, the forces carried by the
intermediate supports may be significantly smaller than if no soil
resistance is used.

The first trend is particularly counterintuitive. An explanation is given in
the next two paragraphs.

Typically it is expected that increasing a structure’s flexibility will
elongate the period and reduce the seismic forces. In this case, the first is
true. The period in the transverse direction increased from 0.176 second
to 0.281 second. However, both these periods are small enough to remain
in the range where the seismic amplification is considered constant. This
is seen in Division I-A, Equation (3-1) and its corresponding maximum
value of two and a half times A.

In this structure, the dynamic loading is the same for both the basic and
spring foundation cases, although their dynamic response is quite
different. The spring supported case develops relatively large
displacements all along its length, while the basic structure only develops
large displacements midway between the abutments. The larger
displacements, overall, for the spring case cause more mass to participate
in the critical fundamental modes. For instance, in Table 31, 89 percent of
the mass participates in the first transverse mode for the basic model,
whereas Table 32 indicates that 96 percent participates in the first
transverse mode for the spring case. This means that more inertial force
will be induced in the structure for the spring case, and correspondingly
larger reactions will be produced.

The large differences in column forces under longitudinal loading derive
from the assumptions for the soil springs. J udgment is necessary to decide
to what extent the abutment soil is to be relied upon. This largely depends
on how confident the designer feels about the assumed soil stiffnesses and
strengths. Proper consideration of the soil effects requires close
coordination between the structural and geotechnical engineers.
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1
Multimode Spectral Method Two-Span Bridge

SUMMARY

(continued)

However, such issues of design philosophy are often resolved by the DOT
in whose jurisdiction the bridge falls. Some departments allow the soil to
be relied upon, and some do not.

Displacements
s Adding transverse springs may increase the transverse deflection.

s Carrying the longitudinal load into the soil at the abutments may
significantly reduce the longitudinal deflection.

Discussion of Axial Forces

In this example, differences exist for the axial column forces of Bent No. 2
under longitudinal loading. For the basic-support condition, the axial
force obtained by the Multimode Spectral Method is 116 kips, whereas the
static methods both give 35.5 kips. For the spring-supported case the
Multimode Spectral Method gives 39 kips, compared with 1.7 kips from
the static methods. At first glance, the modal forces might be considered
erroneous, because the static results agree with one another but not with
the dynamic method. However, upon closer consideration, the dynamic
results can be shown to be reasonable. Inspection of the mode shapes
(Figures 45 and 46 indicate that Mode 1 for the basic-support condition
and Mode 4 for the spring-supported model are the primary longitudinal
modes. These are the modes that, typically, will be excited the most by
longitudinal lateral loading. A close look at these mode shapes reveals
that there are vertical components of the modes along the superstructure.
Also, it is clear that the vertical component of Mode 1 for the basic-support
condition is larger than that of the spring-supported case. Because the
spans of the superstructure are not equal, a net vertical force is required
at Bent No. 2 to react to the inertial forces developed during vibration in
the primary longitudinal modes. This is the reason that the dynamic axial
forces in the columns do not equal the static axial forces. Physically, the
static axial forces are those required to equilibrate the vertical reactions
developed at the abutments when a longitudinal load is applied to the
bridge. The dynamic axial forces include this effect plus the inertial forces
caused by vibration of the superstructure.
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Design Step 6 — Determine Elastic Forces and Displacements Design Example No. 1
Multimode Spectral Method Two-Span Bridge

SUMMARY

(continued)

When dynamic results seem to conflict with static results, the designer
needs to ascertain whether the results are erroneous or realistic. This can
be assessed by progressively altering the dynamic model, reanalyzing, and
comparing with the static results. In this example, the mass of the
superstructure was first lumped at the bent, and the resulting axial force
was found to be identical to that from the static analysis. Next, the
multimode analysis was conducted for the basic model using only the
primary longitudinal mode; all higher modes were ignored. This resulted
in 78 kips of axial force in the columns. The inference is that the
difference between 116 kips and 78 kips is contributed by higher modes of
vibration. By progressively changing the model and considering the
results, the apparent erroneous differences between the static and
dynamic models were shown to be real dynamic effects that the static
analyses ignored. :

Quasi-Static Analysis Methods versus Modal Analysis Methods

Finally, it is important to recognize that the static and dynamic analyses
may not always produce nearly identical forces and displacements.
Certainly for structures with complex or irregular distributions of mass
and/or stiffness, the static and dynamic methods would be expected to give
different results. In such cases, dynamic analyses would be required to
obtain proper estimates of the forces and displacements. However, even
with regular structures, such as this example bridge, some forces or
displacements may be different.
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Design Example No. 1
Two-Span Bridge

SECTION VII NOTATIONS

Ach
Acore

FHWA Seismic Design Course

Center to Center Distance of Bent No. 2 Outboard Columns
Acceleration Coefficient

Area of Individual Reinforcing Bar
Area of Column

Area of Cap Beam

Column Core Area

Concrete Area Resisting Shear

Area of Superstructure

Gross Area of Column

Area of Spiral Reinforcement

Area of Shear Reinforcemeht

Area of Shear Friction Reinforcement
Loads Resulting from Buoyancy
Width of Footing

Diameter of Circular Column

Elastic Seismic Response Coefficient
Effective Depth of Column

Dead Load Effect

Nominal Diameter of Reinforcing Bar

Column Diameter
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NOTATIONS dcore
(continued) .

DF,

DFy

DF,

FHWA Seismic Design Course

Design Example No. 1
Two-Span Bridge

Column Core Diameter

Depth of Footing

Column Distribution Factor

Left-Hand Span Distribution Factor

Right-Hand Span Distribution Factor

Diameter of Spiral, Depth of Soil Above Footing

Loads Resulting from Earth Pressure

Young’s Modulus of Concrete

Maximum Column Eccentricity on Footing

Minimum Column Eccentricity on Footing

Modified Earthquake Forces - Foundations

Modified Earthquake Forces - Members and Connections
Specified Compressive Strength of Concrete
Maximum Permissible Abutment Force

Factor of Safety For Soil Bearing Stress

Specified Yield Strength of Reinforcement

Specified Yield Strength of Transverse Reinforcement
Acceleration Due to Gravity

Column Height - Top of Footing to Superstructure c.g.
Height of Columns

Height of Abutment Endwall
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Design Example No. 1
Two-Span Bridge

Clear Height of Columns

Height of Wingwall

Moment of Inertia of all Bent Columns

Moment of Inertia of Columns

Importance Classification

Moment of Inertia of Superstructure

Approximate Uncracked Moment of Inertia of Columns
Superstructure Moment of Inertia about Vertical Axis
Superstructure Moment of Inertia about Horizontal Axis
Soil Spring Constant

Lateral Stiffness of Bridge

Abutment Stiffness

Uncorrected Abutment Stiffness

Corre;:ted Abutment Stiffness

Lateral Stiffness of Bent

Relative Stiffness of Columns

Relative Stiffness of Left-Hand Superstructure
Caltrans Basic Stiffness of Abutment Backfill
Rotational Stiffness of Spread Footing

Relative Stiffness of Right-Hand Superstructure

PCI Rotational Stiffness of Spread Footing
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Design Example No. 1
Two-Span Bridge

Modulus of Subgrade

Stiffness of Uniformly Loaded Simple-Span Beam
Stiffness of Soil Acting Against Wingwall
Uncorrected Wingwall Stiffness

Corrected Wingwall Stiffness

Overall Length of Bridge

Load Case 1

Load Case 2

Development Length

Basic Development Length

Development Length of Standard Hook
Length of Footing

Basic Development Length of Standard Hook
Length of Left-Hand Span

Length of Right-Hand Span

Length of Shear Key

Length of Wingwall

Mass per Unit Length of Beam

Moment

Moment at Bottom of Column

Moment at Bottom of Footing
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(continued) .
Mmaxs
Mmin¢
Mmaxp,
Mminy,
Mmaxp

Mminp

Mnbot

Pq
Pe

Pmax

Pmax

FHWA Seismic Design Course

Design Example No. 1
Two-Span Bridge

Longitudinal Moment

Maximum Moment at Bottom of Footing
Minimum Moment at Bottom of Footing
Maximum Nominal Column Moment

Minimum Nominal Column Moment

Maximum Column Moment due to Plastic Hinging
Minimum Column Moment due to Plastic Hinging
Nominal Moment Strength

Nominal Moment Strength at Bottom of Column
Nominal Moment Strength at Top of Column

Moment at Centerline of Cap Beam due to Plastic Hinging of
Column

Plastic Hinging Moment

Moment at Top of Column

Transverse Moment

Factored Moment due to Modified Forces
Minimum Support Length at Abutment
Vertical Force

Weight of Footing and Soil above Top of Footing
Equivalent Lateral Load

Caltrans Maximum Soil Pressure, Static

Maximum Vertical Force
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Design Example No. 1
Two-Span Bridge

NOTATIONS Pmin Minimum Vertical Force
(continued)

PﬁlaXf Maximum Axial Force at Bottom of Footing
Mnf Minimum Axial Force at Bottom of Footing
Pmax, Maximum Column Axial Force due to Plastic Hinging
Pmin,  Minimum Column Axial Force due to Plastic Hinging

Pmax,; Maximum Column Axial Force due to Modified Forces

Pmin,;  Minimum Column Axial Force due to Modified Forces

Pn Nominal Axial Strength

Po Uniform Load Applied to Bridge

q Bearing Stress under Footing

qa Allowable Bearing Stress under Footing

deq Ultimate Bearing Stress under Footing

R Response Modification Factors

I Distance of Longitudinal Reinforcement from Column Centerline
8 Spacing of Spiral and Stirrup Reinforcement

S Soil Coefficient, Skew of Bridge

SF Loads Resulting from Stream Flow

SPC Seismic Performance Category

T Fundamental Period
v Shear Carried by Columns
Ve Nominal Shear Strength Provided by Concrete
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Zbar

Chalf_pt

Bhalf _pt

FHWA Seismic Design Course

Design Example No. 1
Two-Span Bridge

Longitudinal Shear

Maximum Column Shear Force due to Plastic Hinging
Minimum Column Shear Force due to Plastic Hinging
Nominal Shear Strength

Shear in Cap Beam due to Plastic Hinging of Column
Shear Corresponding to Plastic Hinging of Column
Displacement of Superstructure in Loaded Direction
Nominal Shear Strength Provided by Reinforcement
Transverse Shear

Total Shear Carried by Bent

Factored Shear due to Modified Forces

Weight of Superstructure per Unit Length

Weight of Bridge

Width of Abutment

Centroid of Tension Side Reinforcement in Column
Coefficient used to Calculate Fundamental Period of Bridge
Intermediate Value of a

Coefficient used to Calculate Fundamental Period of Bridge
Intermediate Value of B

Deflection of Edge of Footing

Axial Load due to Plastic Hinging
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(continued)

Yhalf_pt
Yeonc

Yso0il

Omax

Omin

Ps

FHWA Seismic Design Course

Design Example No. 1
Two-Span Bridge

Deflection at Cap Beam

Strength Reduction Factor

Maximum Strength Reduction Factor

Minimum Strength Reduction Factor

Coefficient used to Calculate Fundamental Period of Bridge
Intermediate Value of y

Unit Weight of Concrete

Unit Weight of Soil

Coefficient of Friction

Stress under Spread Footing

Minimum Column Axial Core Stress

Maximum Column Axial Stress

Minimum Column Axial Stress

Rotation of Footing, Resultant Direction of Acceleration

Volumetric Spiral Ratio
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Globa! Axis Definition
Y

SAPI0 Local-Global Axes Definitions

2 2 1
Superstructure Cap Beam \l/ Column \l/
1 3 3 2
3
SAP90 Model of Bridge
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Filename: F1TSM4C

C F1TSMAC 4ft. dia.
C Units are KIP FEET trans.

SYSTEM
R=0 L=2 C=0 V=15 T=0.0001 P=0.001 W=0 N=99599

col.

JOINTS

4211 X=142 Y=0.0 2=-28.375
4221 X=142 Y=0.0 2=0.0
4231 X=142 Y=0.0 2=28.375
4212 X=142 Y=2.0 2=-28.375
4222 X=142 ¥Y=2.0 2=0.90
4232 X=142 ¥=2.0 2=28.375
3011 X=0.0 Y=30.17 2=0.0
1012 X=35.5 Y=30.17 Z2=0.0
1014 X=106.5 Y=30.17 2=0.0
1021 X=142 ¥Y=30.17 2=0.0
1024 Xx=217 ¥=30.17 2=0.0
3031 X=242 Y=30.17 2=0.0
4213 X=142 Y=30.17 2=-28.375
4233 X=142 Y=30.17 Z2=28.375
RESTRAINTS

3011 3031 20 R=0,1,1,1,0,0

4211 4231 10 R=1,1,1,1,1,1

FRAME
NM=3 NL=10 NSEC=0 Y=0,-1

[P e]

NOO0O0ONRVOINOITNSEWNERFRIONDOWO N

5011
5012
5013
5014
5021
5022
5023
5024

superstructu
A=120 J=6000
column proper
A=12.6 J=25

re properties
0 I=575,51000
ties

I=12.6,12.6 AS=0 E=

capbeam properties

A=25 J=10000
lateral stati

WG=0,0,100
WG=0,0,0
TRAP=0,0,0,3
TRAP=0,0,-8.

TRAP=0,0,-14.
TRAP=0,0,-17.
TRAP=0,0,-17.
TRAP=0,0,-14.
TRAP=0,0,-10.
0 TRAP=0,0,-5.83,25,0,0

I=10E7,10E7 AS=0

c loads

5.5,0,-8.19
19,35.5,0,-14.51
51,35.5,0,-17.71
71,35.5,0,-17.31
31,25,0,-~14.91
81,25,0,-10.97
97,25,0,-5.83

loading,

AS=0,

G=1012,1014,1

G=1021,1024,1

0 E=518400
518400
E=518400 G=0

:unifo

sin

single-mode spectral loads,

G=0 W=1.89

fixed base

:control information

base

base

base

footing

:top of footing

:top of footing
:abutment 1
:superstructure/span
:superstructure/span
:superstructure/span
:superstructure/span
:abutment 3

: capbeam

:capbeam

:column
:column
:column
:top of

:abutment supports

:column foundations

:frame element spec
G=0 W=18.9 M=18.9/32.2
M=1.89/32.2 TC

W=3.75 M=3.75/32.2

rm lateral load

gle-mode spectral load

NN

S.

TC=0

=0

TC=0

Note that the trapezoidal loads shown here are slightly different from those
shown in Figure 9 of the text.

developrent.

superstructur
3011 1012
1012 1013
1013 1014
1014 1021
1021 1022
1022 1023
1023 1024
1024 3031

The origin of the differences is a sl
different numerical integration scheme that was u

ightly

sed early in the example

The values shown in this input file and analysis results
listed in the text are based on the earlier integration scheme.

e elements

M=1 LP=4232,4212 NSL=3,2
M=1 LP=4232,4212 NSL=4,2
M=1 LP=4232,4212 NSL=5,2
M=1 LP=4232,4212 NSL=6,2
M=1 LP=4232,4212 NSL=7,2
M=1 LP=4232,4212 NSL=8,2
M=1 LP=4232,4212 NSL=9,2
M=1 LP=4232,4212 NSL=10,2

:superstructure
" n
" L
n n
n n
" "
n n
" n
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Filename: F1TSMA4C (continued)

C

C column elements

7211 4211 4212 M=2 LP=4211,4221 G=1,20,20,20 :column\footing
7221 4221 4222 M=2 LP=4211,4221 :column\footing
7212 4212 4213 M=2 LP=4211,4221 G=1,20,20,20 RE=0,2.83 :column elements
7222 4222 1021 M=2 LP=4211,4221 RE=0,2.83 :column elements
c .

C capbeam elements

6021 4213 1021 M=3 LP=1021,1022 :capbeam elements
6022 1021 4233 M=3 LP=1021,1022 :capbeam elements
SPEC

A=0 $=32.2*0.28 D=0.05

0.0 2.5%0 2.5*.67*0 2.5 :spectral values

0.437 2.5*0 2.5 .67*0 2.5 :spectral values

0.5 2.5%0 2.5% . 67%0 2.29 :spectral values

0.6 2.5%0 2.5*.67*0 2.024 :spectral values

0.7 2.5*0 2.5*.67*0 1.827 :spectral values

0.8 2.5%0 2.5*% 67%0 1.671 :spectral values

0.9 2.5*%0 2.5*%.67*0 1.545 :spectral values

1.0 2.5%0 2.5*%.67*0 1.440 :spectral values

1.2 2.5*0 2.5*.67*0 1.275 :spectral values

1.4 2.5%0 2.5*%.67*0 1.151 :spectral values

1.6 2.5%0 2.5*.67*0 1.053 :spectral values

1.8 2.5%0 2.5%.67*0 0.973 :spectral values

2.0 2.5%0 2.5% . 67%*0 0.907 :spectral values

2.5 2.5*%0 2.5%.67*0 0.782 :spectral values

3.0 2.5%*0 2.5*%.67*0 0.692 :spectral values

100. 2.5*0 2.5*%.67*0 0.0 :spectral values

COMBO

1C=1,0 D=0 :single-mode transverse earthquake loading
2 C=0,1 D=0 :dead load only

3 C=0,0 D=1 :multi-mode spectral transverse loading



Filename: F1LSM4C

C F1LsM4C

4 ft. dia.

col.

C FHWA example 1 longitudinal loading, single-mode method, fixed base
C Units are KIP FEET

SYSTEM

R=0 L=2 C=0 V=15 T=0.0001 P=0.001 W=0 N=9999 :control information
JOINTS

4211 X=142 Y¥=0.0 Z2=-28.375 :column base/mid-footing
4221 X=142 Y=0.0 2=0.0 :column base/mid-footing
4231 X=142 Y=0.0 2=28.375 :column base/mid-footing
4212 X=142 ¥=2.0 =-28.375 :top of footing

4222 X=142 Y=2.0 2=0.0 :top of footing

4232 X=142 Y=2.0 2=28.375 :top of footing

3011 X=0.0 Y=30.17 2=0.0 :abutment 1

1012 X=35.5 Y=30.17 2=0.0 :superstructure/span 1
1014 X=106.5 Y=30.17 2=0.0 G=1012,1014,1 :superstructure/span 1
1021 X=142 ¥=30.17 Zz=0.0 :superstructure/span 2
1024 X=217 Y=30.17 2=0.0 G=1021,1024,1 :superstructure/span 2
3031 X=242 ¥=30.17 2=0.0 :abutment 3

4213 X=142 ¥=30.17 2=-28.375 :capbeam

4233 X=142 Y=30.17 2=28.375 :capbeam

RESTRAINTS

3011 3031 20 R=0,1,1,1,0,0 :abutment supports

4211 4231 10 rR=1,1,1,1,1,1 :column foundations
FRAME

NM=3 NL=2 NSEC=0 Y=0,-1 :frame element specs.

C superstructure properties

1 A=120 J=60000 I=575,51000 AS=0,0 E=518400 G=0 W=18.9 M=18.9/32.2 TC=0
C column properties

2 A=12.6 J=26 I=12.6,12.6 AS=0 E=518400 G=0 W=1.89 M=1.89/32.2 TC=0

C capbeam properties

3 A=25 J=10000 1I=10E7,10E7 AS=0 E=518400 G=0 W=3.75 M=3.75/32.2 TC=0
C

C lateral static loads

1 WwWL=100,0,0 :uniform longitudinal load
2 WG=0,0,0 :zero lateral load

C

C superstructure elements

5011 3011 1012 M=1 LP=4232,4212 NSL=1,2 :superstructure

5012 1012 1013 M=1 LP=4232,4212 NSL=1,2 G=1,1,1,1 : " "

5014 1014 1021 M=1 LP=4232,4212 NSL=1,2 " "

5021 1021 1022 M=1 LP=4232,4212 NSL=1,2 G=2,1,1,1 " "

5024 1024 3031 M=1 LP=4232,4212 NSL=1,2 " "

C

C column elements

7211 4211 4212 M=2 LP=4211,4221 G=1,20,20,20 :column/footing
7221 4221 4222 M=2 LP=4211,4221 :column/footing
7212 4212 4213 M=2 LP=4211,4221 G=1,20,20,20 RE=0,2.83 :column elements
7222 4222 1021 M=2 LP=4211,4221 RE=0,2.83 :column elements

c

C capbeam elements

6021 4213 1021 M=3 LP=1021,1022 :capbeam elements

6022 1021 4233 M=3 LP=1021,1022 :capbeam elements

44



Filename: F1LSM4C (continued)

SPEC

A=0 S5=32.2*0.28 D=0.05

0.0 2.5 2.5%.67*0 2.5*0 :spectral
0.437 2.5 2.5*%.67*0 2.5*0 :spectral
0.5 2.29 2.5*.67*0 2.5%0 :spectral
0.6 2.024 2.5*%.67*0 2.5*%0 :spectral
0.7 1.827 2.5*.67*0 2.5%0 :spectral
0.8 1.671 2.5*.67*%0 2.5*0 :spectral
0.9 1.545 2.5*.67*0 2.5*0 :spectral
1.0 1.440 2.5* .67*0 2.5*0 :spectral
1.2 1.275 2.5*.67*0 2.5*%0 :spectral
1.4 1.151 2.5*.67*0 2.5*0 :spectral
1.6 1.053 2.5*.67*0 2.5*%0 :spectral
1.8 0.973 2.5*%.67*0 2.5*0 :spectral
2.0 0.907 2.5*.67*0 2.5*0 :spectral
2.5 0.782 2.5*.67*0 2.5*0 :spectral
3.0 0.692 2.5*.67*0 2.5*0 :spectral
100. 0.0 2.5*%.67*0 2.5*0 :spectral
COMBO

1¢c=1,0 D=0 cuniform longitudinal
2 ¢=0,1 D=0 :dead load only

3 C=0,0 D=1

values
values
values
values
values
values
values
values
values
values
values
values
values
values
values
values

earthquake loading

:multimode spectral transverse loading
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Filename: FILSMPE

C Fl

C FHWA example 1 longitudinal loading, uniform load

LSMPE 4 ft. dia. col. (loading scaled to pe)

C Units are KIP FEET

SYSTEM
R=0 L=2 C=0 V=15 T=0.0001 P=0.001 W=0 N=9999

JOINTS

4211 X=142 Y=0.
4221 X=142 Y=0,
4231 X=142  Y=0.
4212 X=142 Y=2.
4222 X=142 Y=2.
4232 X=142 Y=2.
3011 X=0.0 Y=3
1012 X=35.5  y=3
1014 X=106.5 Y=3
1021  X=142 Y=3

1024 X=217 Y=3
3031 X=242 ¥Y=3
4213 X=142 Y=3
4233 X=142 Y=3
RESTRAINTS

3011 3031 20 R=0,1
4211 4231 10 R=1,1
FRAME

method,

fixed base

:control information

:superstructure/span
:superstructure/span
:superstructure/span
:superstructure/span

base/mid-footing
base/mid-footing
base/mid-footing
footing
footing
footing

NN

0 Z2=-28.375 :column

0 2=0.0 :column

0 2=28.375 :column

0 =-28.375 :top of

0 2=0.0 :top of

0 2=28.375 :top of
0.17 2=0.0 :abutment 1
0.17 2=0.0

0.17 z2=0.0 G=1012,1014,1
0.17 2=0.0

0.17 2=0.0 G=1021,1024,1

0.17 z=0.0 rabutment 3
0.17 2=-28.375 :capbeam
0.17 2=28.375 : capbeam

NM=3 NL=2 NSEC=0 Y=0,-1
C superstructure properties
1 A=120 J=60000 I=575,51000 AS=0,0 E=518400 G=0 W=18.9 M=18.9/32.2 TC=0

A

A=12.6 J=26

=25 J=10000 1

column properties

I=12.6,12.6 AS=0 E=518400

capbeam properties
=10E7,10E7 AS=0 E=518400

lateral static loads
WL=9.472,0,0
WG=0,0,0

C superstructure elements

C co
7211
7221
7212
7222
c

C ca
6021
6022

3011 1012 M
1012 1013 M
1014 1021 M
1021 1022 M
1024 3031 M

lumn elements
4211 4212 M=2
4221 4222 M=2
4212 4213 M=2
4222 1021 M=2

pbeam elements
4213 1021 M=3
1021 4233 M=3

:abutment supports

:column

foundations

:frame element specs.

G=0 W=1.89 M=1.89/32.2 TC=0

G=0 W=3.75 M=3.75/32.2 TC=0

:uniform longitudinal load
:zero lateral load

LP=4232,4212 NSL=1,2 :superstructure
LP=4232,4212 NSL=1,2 G=1,1,1,1 . " "
LP=4232,4212 NSL=1,2 :o" "
LP=4232,4212 NSL=1,2 G=2,1,1,1 : " "
LP=4232,4212 NSL=1,2 : " "
LP=4211,4221 G=1,20,20,20 :column/footing
LP=4211,4221 :column/footing

LP=4211,4221 G=1,20,20,20
LP=4211,4221 RE=0,2.83

LP=1021,1022
LP=1021,1022

RE=0,2.83 :column elements
:column elements

:capbeam elements
:capbeam elements



Filename: FILSMPE (continued)

SPEC

A=0 S5=32.2*0.28 D=0.05

0.0 2.5 2.5*% . 67*0 2.5*0 :spectral values
0.437 2.5 2.5% . 67*%0 2.5%*0 :spectral values
0.5 2.29 2.5%.67*0 2.5*0 :spectral values
0.6 2.024 2.5%.67*0 2.5%0 :spectral values
0.7 1.827 2.5*% . 67*0 2.5%0 :spectral values
0.8 1.671 2.5* . 67*0 2.5%0 :spectral values
0.9 1.545 2.5* . 67*0 2.5%0 :spectral values
1.0 1.440 2.5*%.67*0 2.5*0 :spectral values
1.2 1.275 2.5%.67*0 2.5*0 :spectral values
1.4 1.151 2.5*.67*0 2.5%0 :spectral values
1.6 1.053 2.5%.67*0 2.5%0 :spectral values
1.8 0.973 2.5*.67*0 2.5%0 :spectral values
2.0 0.807 2.5*.67*0 2.5*0 :spectral values
2.5 0.782 2.5 .67*0 2.5*%0 :spectral values
3.0 0.692 2.5*%.67*0 2.5*0 :spectral values
100. 0.0 2.5*.67*0 2.5%0 :spectral values
COMBO

l1C=1,0 D=0 :uniform longitudinal earthquake loading
2 C=0,1 D=0 :dead load only

3 ¢=0,0 D=1 :multimode spectral transverse loading



Filename: F1TS4SM

C F1TS4SM springs at abut. and col. / 4 ft. dia. col. Icol=0.5Igross
C FHWA example 1 transverse loading, single-mode spectral method
C Units are KIP FEET

SYSTEM
R=0 L=2 C=0 V=15 T=0.0001 P=0.001 W=0 N=9999 :control information
JOINTS
4211 X=142 ¥Y=0.0 Z2=-28.375 :column base/mid-footing
4221 X=142 Y=0.0 z=0.0 :column base/mid-footing
4231 X=142 ¥=0.0 Z2=28.375 :column base/mid-footing
4212 X=142 ¥Y=2.0 Z2=-28.375 :top of footing
4222 X=142 ¥=2.0 2=0.0 :top of footing
4232 X=142 Y=2.0 2=28.375 :top of footing
3011 Xx=0.0 Y=30.17 2=0.0 :abutment 1
1012 X=35.5 ¥=30.17 2=0.0 :superstructure/span 1
1014 X=106.5 Y=30.17 2=0.0 G=1012,1014,1 :superstructure/span 1
1021 X=142 Y=30.17 Z2=0.0 :superstructure/span 2
1024 X=217 Y=30.17 2=0.0 G=1021,1024,1 :superstructure/span 2
3031 X=242 Y=30.17 2=0.0 :abutment 3
4213 X=142 Y=30.17 2=-28.375 :capbeam
4233 X=142 Y=30.17 Z=28.375 :capbeam
RESTRAINTS
3011 3031 20 R=0,1,0,1,0,0 :abutment supports
4211 4231 10 R=1,1,1,0,1,0 :column foundations
SPRINGS
C translational and rotational soil springs at foundations
3011 3031 20 K=83E3,0,52E3,0,0,0 :abutment soil springs
4211 4231 10 K=0,0,0,4.8E6,0,4.8E6 :column base soil springs
FRAME
NM=3 NL=10 NSEC=0 Y=0,-1 :frame element specs.
C superstructure properties
1 A=120 J=60000 I=575,51000 AS=0,0 E=518400 =0 W=18.9 M=18.9/32.2 TC=0
C column properties
2 A=12.6 J=13 1=6.3,6.3 AS=0 E=518400 G=0 W=1.89 M=1.89/32.2 TC=0
C capbeam properties
3 A=25 J=10000 I=10E7,10E7 AS=0 E=518400 G=0 W=3.75 M=3.75/32.2 TC=0
Cc
lateral static loads
WG=0,100,0 :uniform lateral load (not used)
WG=0,0,0 :

TRAP=0,0,-9.65,35.5,0,-12.62
TRAP=0,0,-12.62,35.5,0,-14.90
TRAP=0,0,-14.90,35.5,0,-16.03 :
TRAP=0,0,-16.03,35.5,0,-15.84 : single-mode spectral load
TRAP=0,0,-15.84,25,0,-14.93 :
TRAP=0,0,-14.93,25,0,-13.46
TRAP=0,0,-13.46,25,0,-11.54

0 TRAP=0,0,-11.54,25,0,-9.39

Note that the trapezoidal loads shown here are slightly different from those
shown in Figure 43 of the text. The origin of the differences is a slightly
different numerical integration scheme that was used early in the example
development. The values shown in this input file and analysis results
listed in the text are based on the earlier integration scheme.
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Filename: F1TS4SM (continued)

¢
C superstructure elements
5011 3011 1012 M=1 LP=4232,4212 NSL=3,2 :superstructure

5012 1012 1013 M=1 LP=4232,4212 NSL=4,2 " "
5013 1013 1014 M=1 LP=4232,4212 NSL=5,2 :

5014 1014 1021 M=1 LP=4232,4212 NSL=6,2
5021 1021 1022 M=1 LP=4232,4212 NSL=7,2
5022 1022 1023 M=1 LP=4232,4212 NSL=8,2
5023 1023 1024 M=1 LP=4232,4212 NSL=9,2
5024 1024 3031 M=1 LP=4232,4212 NSL=10,2

2 3 3 a 2 13
3 3 3 3 31 3

C

C cclumn elements

7211 4211 4212 M=2 LP=4211,4221 G=1,20,20,20 :column/footing
7221 4221 4222 M=2 LP=4211,4221 :column/footing
7212 4212 4213 M=2 LP=4211,4221 G=1,20,20,20 RE=0,2.83 :column elements
7222 4222 1021 M=2 LP=4211,4221 RE=0,2.83 :column elements
C

C capbeam elements

6021 4213 1021 M=3 LP=1021,1022 :capbeam elements
6022 1021 4233 M=3 LP=1021,1022 :capbeam elements
SPEC

A=0 $=32.2*0.28 D=0.05

0.0 2.5*%0 2.5%.67*0 2.5 :spectral values

0.437 2.5*0 2.5*%.67*0 2.5 :spectral values

0.5 2.5*0 2.5*.67*%0 2.29 :spectral values

0.6 2.5*%0 2.5*.67*0 2.024 :spectral values

0.7 2.5*0 2.5*.67*0 1.827 :spectral values

0.8 2.5*0 2.5* .67*0 1.671 :spectral values

0.9 2.5*0 2.5* . 67*0 1.545 :spectral values

1.0 2.5*0 2.5%.67*0 1.440 :spectral values

1.2 2.5*0 2.5* 67*0 1.275 :spectral values

1.4 2.5*%0 2.5%.67%0 1.151 :spectral values

1.6 2.5*0 2.5%.67*0 1.053 :spectral values

1.8 2.5*%0 2.5*%.67*%0 0.973 :spectral values

2.0 2.5*0 2.5*.67%*0 0.907 :spectral values

2.5 2.5*0 2.5*%.67*0 0.782 :spectral values

3.0 2.5*0 2.5*%.67*0 0.692 :spectral values

100. 2.5*0 2.5% . 67*0 0.0 :spectral values

COMBO

1 c=1,0 D=0 :single-mode transverse earthquake loading
2 Cc=0,1 D=0 :dead load only

3 ¢c=0,0 D=1 :multimode spectral transverse loading



Filename: F1LS4SM

C F1LS4SM springs at abut

C Units are KIP FEET

and col.
C FHWA example 1 longitudinal loading,

/ 4 ft. dia.

SYSTEM

R=0 L=2 C=0 V=15 T=0.0001 P=0.001 W=0 N=9999
JOINTS

4211 X=142 Y=0.0 2=-28.375

4221 X=142 Y=0.0 2=0.0

4231 X=142 Y=0.0 2=28.375

4212 X=142 Y=2.0 Z2=-28.375

4222 X=142 ¥Y=2.0 2=0.0

4232 Xx=142 Y=2.0 2=28.375

3011 X=0.0 ¥=30.17 2=0.0

1012 X=35.5 Y=30.17 2=0.0

1014 X=106.5 Y¥=30.17 2=0.0 G=1012,1014,1
1021 x=142 Y=30.17 2=0.0

1024 x=217 Y=30.17 Z2=0.0 G=1021,1024,1
3031 X=242 Y=30.17 2=0.0

4213 X=142 Y=30.17 2=-28.375

4233 X=142 Y=30.17 Z=28.375

RESTRAINTS

3011 3031 20 R=0,1,0,1,0,0

4211 4231 10 R=1,1,1,0,1,0

SPRINGS

C translational and rotational s
3011 3031 20 K=83E3,0,52E3,0,0,0
4211 4231 10 K=0,0,0,4.8E6,0,4.8E6

FRAME
NM=3 NL=2 NSEC=0 Y=0,-1

Superstructure properties

col.
single-mode spectral method

column properties

WL=13.96,0,0
WG=0,0,0

OaONNEFEFOOOCWONARAQAQ

Superstructure el
5011 3011 1012 M=1
5012 1012 1013 M=1
5014 1014 1021 M=1
5021 1021 1022 M=1
5024 1024 3031 M=1
C

C column elements
7211 4211 4212 M=2
7221 4221 4222 M=2
7212 4212 4213 M=2
7222 4222 1021 M=2
Cc

C capbeam elements
6021 4213 1021 M=32
6022 1021 4233 M=3

capbeam properties
A=25 J=10000 1I=

lateral static loads

ements

LP=4232,4212 NSL=1,2
LP=4232,4212 NSL=1,2 G=1,1,1,1
LP=4232,4212 NsL=1,2
LP=4232,4212 NSL=1,2 G=2,1,1,1
LP=4232,4212 NsSL=1,2

LP=4211,4221 G=1,20,20,20
LP=4211,4221

LP=4211,4221 G=1,20,20,20 RE=0,2.83

LP=4211,4221 RE=0,2.83

LP=1021,1022
LP=1021,1022

Icol=0.51Igross

:control information

:column base/mid-footing
:column base/mid-footing
:column base/mid-footing
‘top of footing

:top of footing

itop of footing
:abutment 1
:superstructure/span 1
:Superstructure/span 1
!superstructure/span 2
!superstructure/span 2
:abutment 3

:capbeam

:capbeam

:abutment supports
:column foundations

©0il springs at foundations
:abutment soil springs
:column base soil springs

:frame element specs.

A=120 J=60000 I=575,51000 AS=0,0 E=518400 G=0 W=18.9 M=18.9/32.2
A=12.6 J=13 I=6.3,6.3 AS=0 E=518400 G=0 W=1.89 M=1.89/32.2 TC=0
10E7,10E7 AS=0 E=518400 G=0 W=3.75 M=3.75/32.2 TC=0

:uniform lateral load
:zero lateral load

:superstructure
- ”

"

:column/footing
:column/footing
:column elements
:column elements

:capbeam elements
:capbeam elements

TC=0
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Filename: F1LS4SM (continued)

SPEC

A=0 S=32.2*0.28 D=0.05

0.0 2.5 2.5*.67*0 2.5*0 :spectral values
0.437 2.5 2.5*%.67*0 2.5*%0 :spectral values
0.5 2.29 2.5*%.67*0 2.5*0 :spectral values
0.6 2.024 2.5*%.67*0 2.5*0 :spectral values
0.7 1.827 2.5*.67*0 2.5*0 :spectral values
0.8 1.671 2.5*%.67*0 2.5*0 :spectral values
0.9 1.545 2.5*,67*0 2.5*0 :spectral values
1.0 1.440 .2.5*.67*0 2.5*0 :spectral values
1.2 1.275 2.5*.67*0 2.5*0 :spectral values
1.4 1.151 2.5%.67*0 2.5*0 :spectral values
1.6 1.053 2.5%.67*0 2.5*0 :spectral values
1.8 0.973 2.5*.67*%0 2.5*0 :spectral values
2.0 0.907 2.5*%.67*0 2.5*0 :spectral wvalues
2.5 0.782 2.5*.67*0 2.5*%0 :spectral values
3.0 0.692 2.5*.67*0 2.5*0 :spectral values
100. 0.0 2.5*.67*0 2.5*%0 :spectral values
COMBO

1C=1,0 D=0 tuniform transverse earthquake loading
2 ¢=0,1 D=0 :dead load only

3 C=0,0 D=1 :multimode spectral transverse loading
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Filename: F1TUL4C

C F1TUL4C 4 ft. dia. col.
C FHWA example 1 transverse loading,
C Units are KIP FEET

uniform load method, fixed base

SYSTEM

R=0 L=2 C=0 V=15 T=0.0001 P=0.001 W=0 N=9999 :control information
JOINTS

4211 X=142 Y=0.0 2=-28.375 :column base/mid-footing
4221 X=142 Y=0.0 Z=0.0 :column base/mid-footing
4231 X=142 Y=0.0 2=28.375 :column base/mid-footing
4212 X=142 Y=2.0 2=-28.375 :top of footing

4222 X=142 Y=2.0 2=0.0 :top of footing

4232 Xx=142 Y=2.0 2=28.375 :top of footing

3011 X=0.0 Y=30.17 2=0.0 :abutment 1

1012 X=35.5 ¥=30.17 2=0.0 !superstructure/span 1
1014 X=106.5 Y=30.17 2=0.0 G=1012,1014,1 :superstructure/span 1
1021 XxX=142 Y=30.17 2=0.0 :superstructure/span 2
1024 X=217 Y=30.17 2=0.0 G=1021,1024,1 :superstructure/span 2
3031 X=242 ¥=30.17 2=0.0 :abutment 3

4213 X=142 ¥=30.17 2=-28.375 :capbeam

4233 X=142 Y=30.17 2=28.375 :capbeam

RESTRAINTS

3011 3031 20 R=0,1,1,1,0,0 :abutment supports

4211 4231 10 R=1,1.1,1,1,1 :column foundations

FRAME

NM=3 NL=2 NSEC=0 Y=0,-1

C superstructure properties
1 A=120 J=60000 I=575,51000 AS=0,0 E=518400 G=0 W=18.9 M=18.9/32.2 TC=0
C column properties

:frame element specs.

2 A=12.6 J=25 I=12.6,12.6 AS=0 E=518400 G=0 W=1.89 M=1.89/32.2 TC=0

C 2 A=26.2 J=110 1I=55,55 AS=0 E=518400 G=0 W=3.93 M=3.93/32.2 TC=0
C capbeam properties

3 A=25 J=10000 1I=10E7,10E7 AS=0 E=518400 G=0 W=3.75 M=3.75/32.2 TC=0
C

C lateral static loads

1 WG=0,0,100 cuniform lateral load
2 WG=0,0,0 :zero lateral load

C

C superstructure elements

5011 3011 1012 M=1 LP=4232,4212 NSL=1,2 :superstructure
5012 1012 1013 M=1 LP=4232,4212 NSL=1,2 G=1,1,1,1 : "

5014 1014 1021 M=1 LP=4232,4212 NSL=1,2 HE "

5021 1021 1022 M=1 LP=4232,4212 NSL=1,2 G=2,1,1,1 " "

5024 1024 3031 M=1 Lp=4232,4212 NSL=1,2 " "

C

C column elements

7211 4211 4212 M=2 LP=4211, 4221 G=1,20,20,20 :column/footing
7221 4221 4222 M=2 LP=4211,4221 :column/footing
7212 4212 4213 M=2 LP=4211,4221 G=1,20,20,20 RE=0,2.83 :column elements
7222 4222 1021 M=2 LP=4211,4221 RE=0,2.83 :column elements
Cc

C capbeam elements

6021 4213 1021 M=3 LP=1021,1022 :capbeam elements
6022 1021 4233 M=3 LP=1021,1022 :capbeam elements
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Filename: F1TULAC (continued)

SPEC
A=0 S5=32.2%0.28
0.0 2.5%0
0.437 2.5%0
0.5 2.5%0
0.6 2.5%0
0.7 2.5%0
0.8 2.5%0
0.9 2.5%0
1.0 2.5%0
1.2 2.5%0
1.4 2.5%0
1.6 2.5%0
1.8 2.5%0
2.0 2.5%0
2.5 2.5%0
3.0 2.5%0
100. 2.5%0
COMBO

1 ¢c=1,0 D=0
2 ¢=0,1 D=0
3 ¢=0,0 D=1

D=0.05

2.5%.67*0
2.5*.67*0
2.5*.67*0
2.5*.67*0
2.5*.67*0
2.5*.67*0
2.5*.67*0
2.5*.67*0
2.5*%.67*0
2.5*.67*0
2.5*.67*0
2.5*.67*0
2.5*.67*0
2.5*%.67*0
2.5*.67*0
2.5*%.67*0

:uniform transverse earthquake loading

:spectral
:spectral
:spectral
:spectral
:spectral
:spectral
:spectral
:spectral
:spectral
:spectral
:spectral
:spectral
:spectral
:spectral
:spectral
:spectral

:dead load only

:multimode spectral transverse loading

values
values
values
values
values
values
values
values
values
values
values
values
values
values
values
values
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Filename: F1TS4

C FITS4 springs at abut. and col. / 4 ft. dia. col. Icol=0.5Igross
C FHWA example 1 transverse loading, uniform load method
C Units are KIP FEET

SYSTEM

R=0 L=2 C=0 V=15 T=0.0001 P=0.001 W=0 N=9999 :control information
JOINTS

4211 X=142 Y=0.0 2=-28.375 :column base/mid-footing
4221 X=142 Y¥=0.0 2=0.0 :column base/mid-footing
4231 X=142 Y=0.0 2=28.375 :column base/mid-footing
4212 X=142 Y=2.0 Z=-28.375 ‘top of footing

4222 X=142 Y=2.0 2=0.0 ‘top of footing

4232 X=142 Y=2.0 2=28.375 :top of footing

3011 X=0.0 Y=30.17 2=0.0 :abutment 1

1012 X=35.5 Y=30.17 2=0.0 :superstructure/span 1
1014 X=106.5 Y=30.17 2=0.0 G=1012,1014,1 :superstructure/span 1
1021 X=142 Y=30.17 2=0.0 :superstructure/span 2
1024 X=217 Y=30.17 2=0.0 G=1021,1024,1 ‘superstructure/span 2
3031 X=242 Y=30.17 2=0.0 :abutment 3

4213 X=142 Y=30.17 Z2=-28.375 :capbeam

4233 X=142 Y=30.17 2=28.375 :capbeam

RESTRAINTS

3011 3031 20 R=0,1,0,1,0,0 :abutment supports
4211 4231 10 R=1,1,1,0,1,0 :column foundations
SPRINGS

C translational and rotational soil springs at foundations

3011 3031 20 K=83E3,0,52E3,0,0,0 :abutment soil springs
4211 4231 10 K=0,0,0,4.8E6,0,4.8E6 :column base soil springs
FRAME

NM=3 NL=2 NSEC=0 Y=0,-1 :frame element specs.
C superstructure properties

1 A=120 J=60000 I=575,51000 AS=0,0 E=518400 G=0 W=18.9 M=18.9/32.2 TC=0
C column properties

2 A=12.6 J=13 I=6.3,6.3 AS=0 E=518400 G=0 W=1.89 M=1.89/32.2 TC=0

C capbeam properties

3 A=25 J=10000 1I=10E7,10E7 AS=0 E=518400 G=0 W=3.75 M=3.75/32.2 TC=0
C

C lateral static loads

1 WG=0,0,100 :uniform lateral load
2 WG=0,0,0 :zero lateral load

C

C superstructure elements

5011 3011 1012 M=1 Lp=4232,4212 NsL=1,2 :superstructure

5012 1012 1013 M=1 LP=4232,4212 NSL=1,2 G=1,1,1,1 : ~ "

5014 1014 1021 M=1 LP=4232,4212 NSL=1,2 HE "

5021 1021 1022 M=1 LP=4232,4212 NsL=1,2 G=2,1,1,1 : " "

5024 1024 3031 M=1 LP=4232,4212 NsSL=1,2 " "

C

C column elements

7211 4211 4212 M=2 LP=4211,4221 6G=1,20,20,20 :column/footing
7221 4221 4222 M=2 LP=4211, 4221 :column/footing
7212 4212 4213 M=2 LP=4211,4221 G=1,20,20,20 RE=0,2.83 :column elements
7222 4222 1021 M=2 LP=4211,4221 RE=0,2.83 :column elements
Cc

C capbeam elements

6021 4213 1021 M=3 LP=1021,1022 :capbeam elements

6022 1021 4233 M=3 LP=1021,1022 :capbeam elements
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Filename: F1TS4 (continued)

SPEC

A=0 5=32.2*0.28
0.0 2.5*0
0.437 2.5*0
0.5 2.5*0
0.6 2.5*0
0.7 2.5%0
0.8 2.5*0
0.9 2.5*%0
1.0 2.5*0
1.2 2.5*0
1.4 2.5*0
1.6 2.5*0
1.8 2.5*0
2.0 2.5*0
2.5 2.5*0
3.0 2.5*0
100 2.5*0
COMBO

1¢C=1,0 D=0
2 ¢=0,1 D=0
3 C=0,0 D=1

D=0.05

2.5*.67*0
2.5*%.67%0
2.5*.67*0
2.5*.67*0
2.5*.67*0
2.5*.67*0
2.5*.67*0
2.5*.67*0
2.5*%.67*0
2.5*.67*0
2.5*.67*0
2.5*.67*0
2.5*.67*0
2.5*.67*0
2.5*.67*0
2.5*%.67*0

0.0

:uniform transverse earthquake loading
:dead load only
:multimode spectral transverse loading

:spectral
:spectral
:spectral
:spectral
:spectral
:spectral
:spectral
:spectral
:spectral
:spectral
:spectral
:spectral
:spectral
:spectral
:spectral
:spectral

values
values
values
values
values
values
values
values
values
values
values
values
values
values
values
values
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Filename: F1ILML

C F1IML all mass lumped at bent (check of main analysis)

C FHWA example 1 longitudinal loadin

C Units are KIP FEET

SYSTEM

R=0 L=2 C=0 V=3 T=0.0001 P=0.001 W=0 N=9999

JOINTS
4211
4221
4231
4212
4222
4232
3011
1012
1014
1021
1024
3031
4213
4233

X=142
X=142
X=142
X=142
X=142
X=142
X=0.0
X=35.5
X=106.5
X=142
X=217
X=242
X=142
X=142

RESTRAINTS
3011 3031 20
4211 4231 10

MASSES

=O,
:1,

WL
)

R
[SENE N 'e)

4

[

[oNeoNoNoNoNe]

g, uniform load method, fixed base

:control information

2=-28.375 :column base/mid-footing
2=0.0 :column base/mid-footing
2=28.375 :column base/mid-footing
Z2=-28.375 :top of footing
2=0.0 :top of footing
2=28.375 :top of footing
17 2=0.0 cabutment 1
17 2=0.0 :superstructure/span 1
17 2=0.0 G=1012,1014,1 :superstructure/span 1
17 2=0.0 !superstructure/span 2
17 2=0.0 G=1021,1024,1 :superstructure/span 2
17 2=0.0 :abutment 3
17 Z=-28.375 :capbeam
17 2=28.375 :capbeam
1,1,0,0 :abutment supports
1,1,1,1 :column foundations

1021 M=4872/32.2,4872/32.2,4872/32.2,0,0,0

FRAME

NM=3 NL=2 NSEC=0 Y=0,-1
C superstructure properties

1 A=120 J=60000 I=575,51000 As=0,0

C column properties

2 A=12.6 J=110
C capbeam properties
A=25 J=10000

1=12.6,12.6 AS=0 E=518400 G=0 W=1.89 M=0/32.2

I=10E7,10E7 AS=0 E=518400

lateral static loads

3
C

c

1 WL=100,0,0
2 WG=0,0,0
c

C superstructure elements

3011 1012 M=1
1012 1013 M=1
1014 1021 M=1
1021 1022 M=1
1024 3031 M=1

C column elements

7211
7221
7212
7222
C

C capbeam

6021
6022

4211
4221
4212
4222

4212 M=2
4222 M=2
4213 M=2
1021 M=2

elements
1021 M=3
4233 M=3

4213
1021

LP=4232,4212
LP=4232,4212
LP=4232,4212
LP=4232,4212
LP=4232,4212

LP=4211,4221
LP=4211, 4221
LpP=4211,4221
LP=4211,4221

Lp=1021,1022
LP=1021, 1022

:all mass lumped at bent

:frame element specs.

E=518400 G=0 W=18.9 M=0/32.2 TC=0

TC=0

G=0 W=3.75 M=0/32.2 TC=0

tuniform longitudinal load
:zero lateral load

NSL=1, 2 :superstructure

NSL=1,2 G=1,1,1,1 : " "

NSL=1, 2 : " "

NSL=1,2 G=2,1,1,1 =: " "

NSL=1, 2 : " "

G=1,20,20,20 :column/footing
:column/footing

G=1,20,20,20 RE=0,2.83 :column elements

RE=0,2.83

:column elements

:capbeam elements
:Capbeam elements
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Filename: FILML (continued)

SPEC

A=0 S=32.2*0.28 D=0.05

0.0 2.5 2.5*.67*0 2.5*0 :spectral values
0.437 2.5 2.5*.67*%0 2.5*0 :spectral values
0.5 2.29 2.5*%.67*0 2.5*0 :spectral values
0.6 2.024 2.5*.67*0 2.5*0 :spectral values
0.7 1.827 2.5*.67*0 2.5*%0 :spectral values
0.8 1.671 2.5*%.67*0 2.5*0 :spectral values
0.9 1.545 2.5*.67*0 2.5*0 :spectral values
1.0 1.440 2.5*.67*0 2.5*0 :spectral values
1.2 1.275 2.5*%.67*0 2.5*0 :spectral values
1.4 1.151 2.5*.67*0 2.5*0 :spectral values
1.6 1.053 2.5*.67*0 2.5*0 :spectral values
1.8 06.973 2.5*%.67*0 2.5*0 :spectral values
2.0 0.907 2.5*.67*0 2.5*0 :spectral values
2.5 0.782 2.5*.67*0 2.5*0 :spectral values
3.0 0.692 2.5*%.67*0 2.5*%0 :spectral values
100 0.0 2.5%.67*0 2.5*%0 :spectral values
COMBO

1 ¢c=1,0 D=0 runiform longitudinal earthquake loading
2 ¢=0,1 D=0 :dead load only

3 C=0,0 D=1 :multimode spectral transverse loading
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Filename: F1LS4

C F1LS4 springs at abut. and col. / 4 ft. dia. col.
C FHWA example 1 longitudinal loading, uniform load

C Units are KIP FEET

R=0 L=2 C=0 V=15 T=0.0001 P=0.001 W=0 N=9999

SYSTEM

JOINTS

4211 X=142 Y=0
4221 X=142 Y=0
4231 X=142 Y=0.
4212 X=142 Y=2.
4222 X=142 Y=2.
4232 X=142 Y=2
3011 X=0.0 Y=3
1012 X=35.5 Y=30
1014 X=106.5 Y=30
1021 X=142 Y=30.
1024 X=217 Y=3C.
3031 X=242 Y=30.
4213 X=142 Y=30.
4233 X=142 Y=30.
RESTRAINTS

3011 3031 20 R=0,1
4211 4231 10 R=1,1,
SPRINGS

[eNoRoNoNoNe)

b= )

Z2=-28.375
2=0.0
Z2=28.375
Z=-28.375
2=0.0
2=28.375
17 2=0.0
17 2=0.0
17 Z2=0.0
17 2=0.0
17 2=0.0
17 2=0.0
17 2=-28.375
17 2=28.375
01,0,0
1,0,1,0

G=1012,1014,1

G=1021,1024,1

Icol=0.5Igross
method

:control information

:column base/mid-footing
:column base/mid-footing
:column base/mid-footing
:top of footing

:top of footing

:top of footing
:abutment 1
:superstructure/span
:superstructure/span
:superstructure/span
:superstructure/span
:abutment 3

:capbeam

:capbeam

NN

:abutment supports
:column foundations

C translational and rotational soil springs at foundations

3011 3031 20 K=83E3,0,52E3,0,0,0
4211 4231 10 K=0,0,0,4.8E6,0,4.8E6

FRAME

NM=3 NL=2 NSEC=0 Y=0,-1
superstructure properties

A=120 J=60000 I=575,51000 AS=0,0 E=518400 G=0 Ww=18.9 M=18.9/32.2
column properties

:abutment soil springs
:column base soil springs

:frame element specs.

TC=0

A=12.6 J=13 1=6.3,6.3 AS=0 E=518400 G=0 W=1.89 M=1.89/32.2 TC=0
capbeam properties

25 J=10000

lateral static loads

WL

=100,0,0

WG=0,0,0

C
1
Cc
2
C
3 A=
o
C
1
2
c
C

C col
7211
7221
7212
7222
C

C cap
6021
6022

3011
1012
1014
1021
1024

1012 M=1
1013 M=1
1021 M=1
1022 M=1
3031 M=1

umn elements
4211 4212 M=2
4221 4222 M=2
4212 4213 M=2
4222 1021 M=2

beam elements
4213 1021 M=3
1021 4233 M=3

LP=4232,4212
Lp=4232,4212
LP=4232,4212
LP=4232,4212
LP=4232,4212

NSL=1,2
NSL=1,2 G=1,1,1,1
NSL=1,2
NSL=1,2 G=2,1,1,1
NSL=1,2

LpP=4211,4221 G=1,20,20,20

LpP=4211,4221
LP=4211, 4221
LP=4211, 4221

LP=1021, 1022
LpP=1021,1022

G=1,20,20,20 RE=0,2.83
RE=0,2.83

I=10E7,10E7 AS=0 E=518400 G=0 W=3.75 M=3.75/32.2 TC=0

tuniform lateral load
:zero lateral load

:superstructure

" "
" "
” "

” "

:column/footing
:colunn/footing
:column elements
:column elements

:capbeam elements
:capbeam elements
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Filename: F1LS4 (continued)

SPEC

A=0 5=32.2*0.28 D=0.05

0.0 2.5 2.5%.67*0 2.5*0 :spectral values
0.437 2.5 2.5*.67*0 2.5*0 :spectral values
0.5 2.29 2.5*%.67*0 2.5*0 :spectral values
0.6 2.024 2.5*.67*0 2.5*0 :spectral values
0.7 1.827 . 2.5*.67*0 2.5*%0 :spectral values
0.8 1.671 2.5*.67*0 2.5*0 :spectral values
0.9 1.545 2.5*%.67%0 2.5*0 :spectral values
1.0 1.440 2.5*%.67*0 2.5*0 :spectral values
1.2 1.275 7 2.5*.67*0 2.5*0 :spectral values
1.4 1.151 2.5*_67*0 2.5*0 :spectral values
1.6 1.053 2.5%.67*0 2.5*0 :spectral values
1.8 0.973 2.5*%.67*0 2.5*0 :spectral wvalues
2.0 0.907 2.5%.67*0 2.5*0 :spectral values
2.5 0.782 2.5%.67*0 2.5*%0 :spectral values
3.0 0.69 2.5*.67*0 2.5*%0 :spectral values
100. 0.0 2.5*%.67*0 2.5*0 :spectral values
COMBO

1 C=1,0 D=0 :uniform transverse earthquake loading
2 C=0,1 D=0 :dead load only

3 C=0,0 D=1 imultimode spectral transverse loading
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