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recognized professional engineering principles and practices, and are
provided for general information only. None of the procedures suggested or
discussed should be used without first securing competent advice regarding
their suitability for any given application.

This document was prepared with the help and advice of FHWA, State,
academic, and private engineers. The intent of this document is to aid
practicing engineers in the application of the AASHTO seismic design
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Introduction

Design Example No. 5
Nine-Span, Two Unit Bridge

PURPOSE This is the fifth in 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 emphasizes different features that must be considered in the
seismic analysis and design process. The matrix below is a summary of the
features of the first seven examples.
DESIGN DESIGN SUPER-
EXAMPLE EXAMPLE SEISMIC PLAN STRUCTURE PIER JABUTMENTIFOUNDATION CONNECTIONS
NO. DESCRIPTION CATEGORY'GEOMETRY TYPE TYPE TYPE TYPE AND JOINTS
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)
Momolithic 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
Nipe-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, Momnolithic Concrete Joints{
Continuwous Square Box Steel Piles
at Abutinents
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 1-1
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REFERENCE The examples conform to the following specifications.
AASHTO
SPECIFICATIONS AASHTO Division I (herein referred to as “Division I”)

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”)

Standard Specifications for Highway Bridges, Division I-A, Seismic Design,
American Association of State Highway and Transportation Officials, Inc.,
15th Edition, as amended by the Interim Specifications-Bridges-1995.

FHWA Seismic Design Course 1-2
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Nine-Span, Two Unit Bridge

FLOWCHARTS This fifth example follows the outline given in detailed flowcharts
AND presented in Section II, Flowcharts. The flowcharts include a main chart,
DESIGN STEPS 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 of Design Steps is to present the information covered by the
example in a logical and sequential manner that allows for easy
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, a reference to
either Division I or Division I-A of the AASHTO Specification follows the
title.

An example is shown below.

Unique Sequence ldenttifier
and Flowchart Reference

Item

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

.

AASHTO Specification e
ldentifier

FHWA Seismic Design Course 13
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Design Example No. §
Nine-Span, Two Unit Bridge

USE OF In the example, two primary type fonts have been used. One font, similar
DIFFERENT to the type used for textbooks, is used for all section headings and for
TYPE FONTS commentary. The other, an architectural font that appears hand printed,

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

is used for all primary calculations. The material in the architectural font
is the essential calculation material and essential results.

Design Step 2.4

e

Architectural Font

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

The Seismic Performance Category (SFC) is C. This i take
the Specification

The SPC is a function of the Acceleration Coefficient an

FHWA Seismic Design Course
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Nine-Span, Two Unit Bridge

USE OF To provide consistent results and quality control, all calculations have been
MATHCAD® performed using the program Mathcad®.

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:=2 4 W
_/ g

N

Note “ ="

Result of Calculation
/— Indicated in Definition of T
T=0.769 sec

Note “=" —/

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 yield the same result as the number 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 7).

FHWA Seismic Design Course 1-5
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Flowcharts

Design Example No. 5
Nine-Span, Two Unit Bridge

FLOWCHARTS

Step10 Preliminary Design
Design
Step 2.0
Single-Span Bridge Design
Chart3
SPC A Design
Chart 4
Design Determine Analysis Procedure
Step 5.0 Chart 5
v
Desi Determine Elastic Seismic
Step 6.0 Forces and Displacements
Chart 6
v
Design Determine Design Forces
Step70 | Chart7
¥
Design Summary of Design Forces
Step80 | Chart8
v
Desi Determine Design
Displacements
580 | charto
v
Design Design Structural Components
Step100 | Chart10
v
Design Design Foundations
Stept0_| Chart 1
v
Design | Design Abutments
Step120 | Chart12

Step 140

Revise Structure |

Design Settiement Slabs

Design
Step15.0

Seismic Design Complete
Seismic Details

FHWA Seismic Design Course

Main Flowchart — Seismic Design AASHTO Division I-A
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Flowcharts

FLOWCHARTS
(continued)

- Design Step 1.0
Design Step 2.0
Design Step 3.0
Design Step 4.0
Design Step 5.0
Design Step ©.0
Design Step 7.0
Design Step 6.0
Design Step 9.0
Design Step 10.0
Design Step 11.0
Design Step 12.0
Design Step 13.0

FHWA Seismic Design Course

Design Example No. §
Nine-Span, Two Unit Bridge

Key to Detailed Flowcharts

Page 2-3

Page 2-4

Not Applicable for Example No. 5
Not Applicable for Example No. 5
Page 2-5

Fage 2-6

Page 2-7

Not Required for Example No. 5
Fage 2-&

Page 2-9

Page 2-10

Not Focused on in Example No. 5/Not Included
Not Required for Example No. 5

2-2
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Nine-Span, Two Unit Bridge

FLOWCHARTS
(continued)
::T‘ Determine Structure Properties
L 2
;‘1"2 Preliminary Seismic Design
L 2
Design Analysis and Results for
Step1S | Longitudinal Direction
Y
Design Analysis and Resulte for
Step14 | Transverse Direction
v
( Retum to Main )
Chart 1 — Preliminary Design
FHWA Seismic Design Course

23
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Design Example No. 5

Nine-Span, Two Unit Bridge

FLOWCHARTS
(continued)

v | Applcabiity of Specification
L 2
vy | Acceleration Cosfficent
2
5;';% Importance Classification
L 2
;:Z Seismic Performance Category
v
orops | SiteEfects
v
5;':;_"5 Response Modification Factors

( RetumtoMain )

FHWA Seismic Design Course

Chart 2 — Basic Requirements
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Nine-Span, Two Unit Bridge

FLOWCHARTS
(continued)

Deeign Determine Maximum
Step51 | Subtended Angle
v
Design Determine Maximum Span
Step 52 | | ength Ratio
L 2
Design Determine Maximum Bent/
Step53 | Pier Stiffness Ratio
v
s;qua“.a Critical Bridge
L 2
5[::95; Regular Bridge
v
crora | Curved Bridge
v
Step 55 7 | Determine Analysis Procedure
v

( Returnto Main )

FHWA Seismic Design Course

Chart 5 — Determine Analysis Procedure
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FLOWCHARTS

(continued)

Dooign | Description of
Step6! | Mathematical Model

L 2
9:::'1.1 General

L 2
5&::_"‘2 Superstructure

L 2
5;213 Substructure

v

Design | Connection of
Step6.14 | Superstructure to Piers

v
5:%"2 Foundation Stiffesses

L2

su?“'gm Pier Foundations
L2

Design

Step 622 Abutments
L7

Design | Multimode Spectral Analysic
Step63 | — General

v

vy | Mode Shapes and Periods
L 2
k2

5‘:‘2;5 Minimum Number of Modes
L 2

Design Combination of Modal
Step 634 | Forces and Displacements

L 2

Design | Determine Forces and Displacements
Step6.4 | inTransverse Direction

L 2

Design Determine Forces and Di
Step65 | in Longitudinal Direction

v
Return to Main
C )

Chart 6 — Determine Elastic Seismic Forces and Displacements
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FLOWCHARTS
(continued)

Dosign

Step 71 Determine Nonseismic Forces
v

Design Determine Dead

Step 711 | Load Forces

v
supg72 Determine Seismic Forces
v

Design Summary of Elastic
Step 721 | Seismic Forces
y

Design | Combination of Othogonal
Step722 | Seismic Forces

L 2
5‘::3'_; Determine Design Forces
v

Design | Design Forces for Structural
Step731 | Members and Connections

Yy
9:@7!.5 2 | Design Forces for Foundations

v
( Return to Main )

Chart 7 — Determine Design Forces (SPC B)
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Nine-Span, Two Unit Bridge

FLOWCHARTS
(continued)

m 1 Minimum Support Length
L 2
5“99! 2 | Design Displacements

C Retum:o Main )

FHWA Seismic Design Course

Chart 9 — Determine Design Displacements
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FLOWCHARTS
(continued)

5“9'0! g | Fier Design
y

Design | Determine Longitudinal
Step1011 | Reinforcement
L 2

Devign Determine Typical
Step1012 | Transverse Reinforcement
v

Design | Transverse Reinforcement
Step10.13 | for Confinement

v
5“?,05 2 | Pier Cross Frame Design
k 2
Stcpw! 3 | Connection Design
v
Stop10! 31 | Longitudinal Linkage

¥
crptoa2 | Hold Downs

v

Doeian | Connection of Superstructure
Step1033 | to Substructure

L 2
Deeign | Connection of Column
Step103.4 | to Pile Cap

v
Cketumto Main )

Chart 10 — Design Structural Components
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FLOWCHARTS
(continued)

L 2
aq' n’ 1 Determine Axial Forces in Piles
L 2

Design Determine Tranoverse
Steptli2 | Pile Forces
L 2

Dosign | Lateral Displacement of
Step13 | Pile Group

7
52::"2 Design in Pile Cap
v

Design .
Stpt3 Design Pile Anchorage

( Rstum:o Main )

Chart 11 — Design Foundations
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Design Step 1 — Preliminary Design Design Example No. 5

SECTION III

DATA

REQUIRED

FEATURES

Nine-Span, Two Unit Bridge

ANALYSIS AND DESIGN

The bridge is to be built across a large river and flood plain in the inland
Pacific Northwest in a seismic zone with an acceleration coefficient of
0.15g. The subsurface conditions were derived from borings drilled along
the bridge alignment. Soils consist of coarse alluvial flood deposits
overlying volcaniclastic sediments. The alluvial deposits are
approximately 50 feet deep and consist of very dense sand, gravel, and
cobbles. The volcaniclastic sediments consist of very dense/hard silt (very
soft tuff). Geotechnical information for the bridge site is provided in
Appendix A.

The configuration of the bridge has nine spans totaling 1488 feet and
consisting of two units: a four-span tangent (Unit 1) and a five-span with a
1300-foot radius curve (Unit 2). The superstructure is composed of four
steel plate girders with a composite cast-in-place concrete deck. The
substructure elements, seat-type abutments, and single-column
intermediate piers are all cast-in-place concrete supported on steel H-piles.
All substructure elements are oriented normal to the centerline of the
bridge. Figure 1 (a to d) provides details of the configuration.

Because the bridge crosses the flood plain and main channel of a sizable
river, it is assumed that the column size of the intermediate piers is not
controlled by seismic loading. Flow issues and ice loading have dictated
the size requirements for the pier columns. The configuration of
intermediate piers is shown in Figure 1c.

Design the bridge for seismic loading using the Standard Specifications for
Highway Bridges, Division I-A, Seismic Design, American Association of
State Highway and Transportation Officials, Inc., 15th Edition, as
amended by the Interim Specification-Bridges-1995.

ISSUES EMPHASIZED FOR THIS EXAMPLE

Preliminary Seismic Design

Multiple Unit Behavior

Deck Force Transfer to Piers Through Steel Cross Frames
SPC B Effects on Single-Column Pier Design

Steel Pile Design

FHWA Seismic Design Course 31
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(continued)
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Nine-Span, Two Unit Bridge
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Nine-Span, Two Unit Bridge

BRIDGE DATA
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Nine-Span, Two Unit Bridge

BRIDGE DATA
(continued)

? BRG

2°-6" |1'=9" —1-3"

" APPROACH
TJ?_S " ITG" o /SLAB
-t 2
t:::::::::ﬁ:tq : —
| i ]
| o ‘{:
s NN
P
? L
] '
Ir— ————————— g _J'T,[_l_’
[]
, | :
P
|2l'l/l
| ‘ N e 12x84
26" 3-0" |2'-0"]
7:-6.. i

(2 SECTION @ ABUTMENT
N

FHWA Seismic Design Course

Figure 1d — Bridge No. 5 - Seat-Type Abutment

35




Design Step 1 — Preliminary Design Design Example No. 5

SOLUTION

DESIGN STEP 1

Nine-Span, Two Unit Bridge

PRELIMINARY DESIGN

Preliminary design is the first step in refining the design. Its purpose is to
obtain reasonable sizes for elements in the structure without spending a great
deal of effort. The emphasis for this example is seismic forces, though data
presented here assumes that similar steps have been made for static analysis
and design for other forces and effects, i.e., dead loads, live loads, temperature,
ice, scour, etc.

The preliminary seismic design of the bridge has been completed and
selected calculations are shown in this section. The following assumptions
were used for preliminary seismic design. Effects of the structure’s
curvature are ignored for preliminary seismic design.

In the longitudinal direction, the pinned intermediate pier columns (Pier
Nos. 1, 2, and 3 in Unit 1, and Pier Nos. 6 and 7 in Unit 2) are assumed to
resist the entire longitudinal seismic force. The seat-type abutments and
the expansion joint at Pier No. 4 will accommodate significant motion in
the longitudinal direction and will provide restraint in the transverse
direction. The two units of the bridge are assumed to act independently for
longitudinal motion. This behavior is illustrated in Figure 2.

In the transverse direction, the structure is assumed to act as a two-rigid
link system pivoting at the abutments with maximum transverse
displacement at Pier No. 4. All of the intermediate piers and abutments
are assumed to participate in resisting the transverse seismic force. This
behavior is illustrated in Figure 3.

In both the transverse and longitudinal directions, the column bases are
considered fixed against rotation at the bottom of the pile cap to account
for expected lack of foundation flexibility. The moment of inertia of the
column was assumed to be that of the full cross section, “Igross.” This
assumed fixed base condition using the gross cross section of the column
should provide an upper bound to the foundation stiffness. A stiffer system
will have shorter periods of vibration and higher values of Cgpy,, the elastic
response coefficient, as shown in Figure 22. This results in higher,
conservative levels of seismic forces for preliminary design.
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Design Step 1 — Preliminary Design

DESIGN STEP 1
(continued)

FHWA Seismic Design Course

Design Example No. 5
Nine-Span, Two Unit Bridge

. Unit1 - Unit 2 )
faX A Y] ‘ ﬁ ﬁ
Exp fPin i Pin 1Pin | Exp j:Slidc fPin \/Pin Slide  Exp
Piers 1 2 ) 4 5 (2] 7 &
Notes:
1. Units Are Independent.
2. Pinned Piers Participate.
Figure 2 — Longitudinal Seismic Behavior
€ Abutment A € Pier No. 4 Abutment B¢
L1 =620.0' Lp = 665
Unit1 Unit 2
Assumed
cD;e:ﬂectcal
Pier No. 4 cometry
PierNo.1 FierNo.2 fotes

Notes:

1. All Piers Participate.

2. Simplified Deflected Plan Geometry Shown.
3. Structure Curvature Neglected.

Figure 3 — Transverse Seismic Behavior
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Design Step 1 — Preliminary Design Design Example No. 5
Nine-Span, Two Unit Bridge

DESIGN STEP 1 Conventional types of pinned bearings are assumed at the pinned piers to

(continued) transfer both longitudinal and transverse seismic forces to the substructure
through anchor bolts. At the sliding piers (Pier Nos. 5 and 8) and the
expansion locations (Pier No. 4 and abutments) several types of bearings
could be used to accommodate the expected displacements. Elastomeric
bearings with provision for sliding between the bearing and the girder
under large displacements would work, such as polytetraflouralethylene
(PTFE) against a sliding surface (stainless steel). The transverse restraint
would be provided by girder stops to transfer transverse seismic forces to
Pier Nos. 4, 5, and 8 and the abutments.

FHWA Seismic Design Course 3-8



Design Step 1 — Preliminary Design

Design Step
1.1
SUPERSTRUCTURE
modular ratio, h = &.
L = 1488 f
L1 = 620'&
L2 = 665 ft
A4 = 6012
4
iZd = 518%
|, = 9005 #*
yd =
fc = 4000 psi
kip
Y cone = .150‘—5
ft
FHWA Seismic Design Course

Design Example No. 5
Nine-Span, Two Unit Bridge

Determine Structure Properties

Properties of the superstructure and its elements are shown below. The
superstructure area and moments of inertia include the concrete deck, the
girder webs, and both flanges with steel transformed to concrete using a

Overall length of bridge
Length of Unit 1

Length of Unit 2

Cross-sectional area of superstructure
and deck (steel transformed to concrete
with modular ratio, n = E/E_= 8)

Moment of inertia of superstructure
about a horizontal axis (steel
transformed to concrete with modular
ratio, n=58)

Moment of inertia of superstructure
about a vertical axis (steel transformed
to concrete with modular ratio, n=8)

Compressive strength of concrete

Unit weight of concrete

Properties of the structure are calculated in order to perform preliminary
seismic design and provide input to the computer model for final analysis.
The properties that are not computed are assumed to be taken from a

previously performed preliminary design for static loads.
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Design Step 1 — Preliminary Design Design Example No. 5

Nine-Span, Two Unit Bridge
Design Step t geck = 9'in Thickness of concrete deck
1.1
(continued) | p . = 42-ft Width of concrete deck

The torsional constant of the superstructure is calculated using only the

sections has been neglected. The torsional constant J is calculated as

3
- b deck’t deck

o)
J = 5.906-f" Torsional constant of superstructure
E . 1= 3600 ksi Young's Modulus of concrete

(bpased on Division |, Article 8.7.1)

Weights for the superstructures are calculated with the following.

ki
Walap = 5.0';p Weight of concrete deck and girder pads
kip . .
Woteel = 1.9--—?;— Weight of steel plate girders and
cross frames
kip . . .
W miscl = 2.4~€ Weight of barriers, stay-in-place metal

forms, and future overiay
Yeuper = Welab T Wsteel T W miscl

ki
W super = 9.5°§P Weight per foot of superstructure

FHWA Seismic Design Course

deck. The contribution to torsional resistance offered by warping of the steel

3-10



Design Step 1 —Preliminary Design Design Example No. 5

Design Step
1.1
(continued)

Nine-Span, Two Unit Bridge

For each of the units, compute the total superstructure weight.

Wisuper = L1W super

W15uper = 5766-kip Superstructure weight for Unit 1

W 2super = L2'W guper

W25uper = 8045 «kip Superstructure weight for Unit 2
SUBSTRUCTURE

The 6-foot 3-inch by 20-foot pier columns have moments of inertia and cross-
sectional areas at the column base as given below. The columns have a

varying width at the top as shown in Figure 1c.

The columns are supported by steel H-piles and concrete pile caps that have
been preliminary sized at 28 feet square by 6-foot 6-inch thick.

da long = 8.25 ft Column base dimension in
the longitudinal direction
d‘crana = 20.0-ft Column base dimension in the

transverse direction
A= <d Iong)(o1 tran5>

2
A =125t Cross-sectional area of
column base

The total weight for calculation of the period in the longitudinal direction will
include the weight for the top one-half of the pinned columns that participate
for each unit because a lumped mass analysis is used for the preliminary
longitudinal seismic analysis. From the dimensions shown in Figure 1c, and

Y conc = 0.150 kip/ft®

For the 50-foot piers (1 and 7)

WP5O = ©90-kip per pier

FHWA Seismic Design Course 3-11



Design Step 1 — Preliminary Design

Design Step
1.1
(continued)

FHWA Seismic Design Course

For the 70-foot piers (2, 3, and 6)

W 70 = 880 Kip

Design Example No. 5
Nine-Span, Two Unit Bridge

per pier

Moments of inertia for the column base to be used in computing the

intermediate pier stiffnesses.

Zlong)”
llong = (d trarle»)"(—io”zri

4
I|Ong =407t

(d tran5>3

'trans = (d long)'_—E_

1 = 416787

trans

Pier column base moment
of inertia in the longitudinal
direction

Pier column base moment of
inertia in the transverse
direction
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Design Step 1 — Preliminary Design Design Example No. 5

Design Step
1.2

Nine-Span, Two Unit Bridge

Preliminary Seismic Design

Simplified approaches are used for quick hand analyses for preliminary
design in both longitudinal and transverse directions. Fundamental
periods of the structure are obtained, and the associated forces are

computed for preliminary design and sizing of the substructure elements.

For preliminary seismic design, the effects of the structure’s curvature are
ignored.

Assume a SOIL PROFILE TYPE I. The Site Coefficient (S) is from Division I-A,
Article 3.5.1, Table 2 (see Design Step 2.5).

5:=1.0

The Acceleration Coefficient (A) is provided in the introduction to Design Step
1 (see Design Step 2.2 for further discussion).

A:=0.15

Calculate intermediate pier stiffnesses for each direction. For preliminary
design, ignore the stiffness of the foundation and assume that the piers are
fixed at the bottom of the pile cap. The top of the pier is free to translate

and rotate. From P/A for a cantilever beam, use k = 3*El/ H2.

For Pier Nos. 1, 7, and &, the pier height from the top to the bottom of the
footing is 50 feet + 6 feet 6 inches = 56 feet 6 inches.

In the longitudinal direction

5 Ecliong
K80long =~
Hs0
kip ]
K 50long = 5509--; Pier Nos. 1, 7, and &
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Design Step 1 — Preliminary Design

Design Step
1.2

(continued)

In the transverse direction

SE o lirans
K50trans = 3
Hs0

kip
K50trans = 35925'};

Design Example No. 5
Nine-Span, Two Unit Bridge

Pier Nos. 1,7, and &

For Pier Nos. 2, 3, 4, 5, and ©, the pier height from the top to the bottom of
the footing is 70 feet + 6 feet © inches = 76 feet 6 inches.

Hop = 76.5°ft
In the longitudinal direction

5 Ecliong
K 7010”@ = 3
H70

kip
K 7010”@ = 1413'—{_;

In the transverse direction

S E ' ltrans
K70trans =

3
H70

3 Etrans
K70trans = )
H7o

kip

K70trans = 14474+

FHWA Seismic Design Course

Pier Nos. 2 through 6

Pier Nos. 2 through 6
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 Design Step 1 — Preliminary Design Design Example No. 5

Design Step
1.3

Nine-Span, Two Unit Bridge

Analysis and Results for Longitudinal Direction
LONGITUDINAL DIRECTION

Assume that the units are independent as discussed previously. See Figure
2. The superstructure is assumed to act rigidly and all pinned columns for the
unit have the same longitudinal displacement, A. Compute the total weight
and stiffness for each unit for use in calculation of the longitudinal period.

For the longitudinal direction, a simple Single Degree of Freedom (SDOF)
system analysis using a single mass (W) and spring (K = stiffness of
columns) is used here. This is considered to be a reasonable approach for
longitudinal response of straight, continuous bridges by FHWA (1987),
Seismic Design and Retrofit Manual.

For Unit 1, include half of the column top weight for the participating pinned
piers (Pier Nos. 1, 2, and 3) to compute the total weight.

Witor = Wiguper * Wpso + 2W 570

Compute the total longitudinal stiffness for Unit 1 with the springs for Pier
Nos. 1, 2, and 3 acting in parallel.

Ki1iong = K5010ng * 2" 7010ng

kip
= 6336+
ft

K Tlong Longitudinal stiffness for Unit 1

Compute the period from Division I-A, Equation (4-3).

2T = 1.26-sec

Tliong = T1long
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Design Step 1 — Preliminary Design Design Example No. 5

Design Step
1.3

(continued)

Nine-Span, Two Unit Bridge

For Unit 2, include half of the column top weight for the participating pinned
piers (Piers © and 7) to compute the total weight.

Watot = Wosuper ¥ Wpso = Wp70
W oy, = 9615 +kip

Compute the total longitudinal stiffness for Unit 2 with the springs for Pier
Nos. 6 and 7 acting in parallel.

K 21ong = KX 501ong * K 7010ng

K 4922 p
2long = fr

Longitudinal stiffness for Unit 2

Compute the period from Division [-A, Equation (4-3).

—
T 2 ——-—W zrot T 1.95

2long = £ T , 2long = 00" 8eC
g K 2iong 9 g

These preliminary periods can now be used to compute seismic shears for
the longitudinal direction and the columns and foundations could be
checked quickly to see if dimensions are adequate and reinforcing within
code limits. Later in Design Step 6.3.1, the preliminary design periods are
compared with those obtained from the computer analysis as a check.

For example, the longitudinal column shear for Pier No. 7 is computed as
shown in the following. Note that there are conversion units in the
numerator of Equation (3-1) to yield the dimensionless constant, C,.

Calculate the elastic seismic response coefficient for Unit 2 in the longitudinal
direction 1o determine the longitudinal seismic shear at Pier No. 7.

2
12246 3
5 = 2-5ec:5 Division I-A, Equation (3-1)
3
T2iong
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Design Step 1 — Preliminary Design Design Example No. 5§

Design Step
1.3

(continued)

Nine-Span, Two Unit Bridge

C,=0135 Elastic response coefficent,
<25'A (=0.375), okay

The value of 2.5*A represents the upper limit of Cg per Division I-A,
Article 3.6.1.

The total longitudinal shear force at the top of the columns resisted by Unit 2
displaced as a rigid body of lumped mass is computed as

F2long = Co'Wotot
FZIOHQ = 1295'klp

Distributing this force to the pinned piers (G and 7) in relation to their
respective longitudinal stiffnesses, the shear force at Pier No. 7 is

K 50long
FZiong = X Zlong 'F 2long
F Tlong = 922-kip Longitudinal seismic shear at Pier

No. 7 from preliminary design

Preliminary longitudinal seismic shear forces for other piers may be
computed similarly and are shown in Figure 4. These preliminary forces
were used to check the substructure members for size and reinforcing. The
results from the Multimode Spectural Analysis are shown in Table 6 for
comparison.

The longitudinal displacement associated with the previously computed
preliminary seismic force may be calculated for Unit 2.

F 2iong

A2 A2:5155'iﬂ

K 2long

The longitudinal displacement for Unit 1 may be computed similarly. This
information is useful at a preliminary design stage because it provides the
designer with an estimate of the structure’s expected seismic motion.

FHWA Seismic Design Course 3-17



Design Step 1 — Preliminary Design Design Example No. 5

Nine-Span, Two Unit Bridge
Design Step
1.3
(continued)
. Unit 1 " Unit 2 |
702k 283k 283k H 371k 922K
n‘[;’-—o—- —— — 1 —— — I .-Brl
I
Pier Nos. 1 2 3 4 5 %} 7 &
Note: All Forces Shown in Kips.

Figure 4 - Longitudinal Seismic Shears
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' Design Step 1 — Preliminary Design Design Example No. 5

Design Step
14

Nine-Span, Two Unit Bridge

Analysis and Results for Transverse Direction
TRANSYERSE DIRECTION

Assume that the units act as a two-rigid link system pivoting at the
abutments with a maximum transverse displacement at Pier No. 4 as shown in
Figure 5. A Generalized Coordinate Method is used based upon the simplified
geometry shown in the figure. All piers and the abutments resist the seismic
force in the transverse direction.

Application of the Generalized Coordinate Method for transverse
displacement of a bridge structure is presented in FHWA (1981), Seismic
Design of Highway Bridges - Workshop Manual. A more complete
discussion of the Generalized Coordinate Method may be found in a
structural dynamics text, such as Clough and Penzien (1993).

The reliability of this method depends on the ability to predict and define
the structure’s mode shape. The effective application of this technique also
requires that one mode dominate in the direction under consideration.

The generalized coordinate is at the hinge between Units 1 and 2, which occurs
at Pier No. 4. At this location, v, =4 . =10

The generalized stiffness is given by

=Sum (K v 2)

K
gen

and the generalized mass (or weight) is given by

W, =5um (W v ?)
Where v, is a shape factor at each pier relative to the maximum or general
coordinate and is a function of x / L as shown in Figure 5. The assumed
maximum or unit displacement (y, = A__ =1.0) occurs at the hinge at Pier
No. 4.
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Design Step 1 — Preliminary Design Design Example No. 5
Nine-Span, Two Unit Bridge

Design Step
1.4
(continued)

| %2 |
‘ v ,
105' 175

X2 =290 . X7 = 546

X =519
X3 = 450 |
X5 =92
X4 =11=620 Lo =865

Plan Geometry for Calculation of ¥;
for Transverse Seismic Behavior

Figure 5 — Plan Geometry for Calculation of Vj

From Figure 5

Ly =620t Length of Unit 1
xq = 105-ft

xo 1= 290 ft

>(5 = 450 ft

x4 = 620t

Lo = 865 ft Length of Unit 2
xg = 692 ft
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7 Design Step 1 — Preliminary Design Design Example No. 5
Nine-Span, Two Unit Bridge

Design Stleg Xg = 510-ft
(continued) x7 = 346 ft
xg =173 ft
Compute the Y, terms for each intermediate pier location.
X1
v, = L_ y, = 0.169 at Pier No. 1
1
X2
Y, = —L— Y, = 0468 at Pier No. 2
1
X3
Yy = = Yy = 0.726 at Pier No. 3
1
o
v, = L_ Y, =1 at Fier No. 4 (maximum)
1
X5
Yy = — Vg =08 at Pier No. 5
L2
X6
Vg5 Yy =06 at Pier No. ©
L2
X7
Yy o= — Y, = 0.4 at Pier No. 7
-2
X8
Y = — Yg = 0.2 at Pier No. &
L2
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Design Step 1 — Preliminary Design Design Example No. 5
Nine-Span, Two Unit Bridge

Design Step | The pier stiffnesses for the transverse direction have aiready been computed.
. 14 The K, terms for the generalized expressions are
(continued) '
- ki
K= Ks0trans K, = 2595 10" .-
ft
4 klp
K2 = K70trans Rp = 1447210 - £t
N 4 kip
Kz = K70trans Ky = 1447210 - #
4 Kip
Ka = K70trans K, = 1447410 - fr
4 klp
Kg = K 70trans K5 = 1447107 -
4 kip
K@ = K7OT«I"3Y15 K@ = 1.4‘47'10 ° £
4 kip
K7 = K5Otran5 K7 = 359310 - £
4 kip
K& = Kg0trans Kg = 359210 - =
The generalized stiffness for the system is
&
2
ngn = Z Ky (W)
i=1
4 klp
K = 47910 - Generalized stiffness
gen fr
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Design Step 1 —Preliminary Design Design Example No. 5
Nine-Span, Two Unit Bridge

Design Step Note that this stiffness does not include any contribution from the
' 14 superstructure because there is a discontinuity of the superstructure’s
(continued) stiffness at Pier No. 4 due to the expansion joint between the two units.
Compute the generalized mass (or weight) term from the tributary
superstructure weights at each pier plus the column top weight computed
previously.
spany = 105-ft span, = 170-ft span- = 175 ft
span, = 165-ft spang = 173 ft spang = 173'ft
spanx = 160-ft spang = 175 ft spang = 173 ft
5[92”1 + 5P2n2
V\/1 = W5Up6!". > + WP5O W1 = 2059’k1p
span, + spanx
W2 = WQUPCF" - + WP7O W2 = 24‘54'ka
5P2ﬂ5 + 5p2ﬂ4
W5 = Wéuper' > + WP7O %/‘3 = 24‘15'k|P
span, + spang
W, = Waupcr' 5 + Wp7O W, = 2475-kip
5P2ﬂ5 + 5pan6
W5 = WQUPCF. ) + WP7O V\/5 = 2459'kip
6pan6 + 5pan7
W6 = WE'JLIPCF‘- > + WP7O W6 = 2489‘kip
5pan7 + 5p3ﬂ8
W7 = Wéupcr’ > + WP5O W7 = 229%- klp
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Design Step 1 — Preliminary Design Design Example No. 5

Design Step
14

(continued)

Nine-Span, Two Unit Bridge

spang + spang
& = Wsuper >

W + WP5O W& = 2299’ klp

The generalized mass (or weight) for the system is

&
o . 2
W gen = W ()
I =
Wgen = 7298+kip Generalized mass (or weight)

Compute the transverse period.

Preliminary design forces for transverse seismic were computed from the
assumed shape of the structure deflection. The maximum transverse
deflection (Ap ) is computed at Pier No. 4 and used to compute the
transverse forces using the transverse pier stiffnesses and the deflections
at each pier. An example calculation for the transverse shear at Pier No. 7
is shown here.

Calculate the elastic seismic response coefficient for the structure in the
transverse direction to determine the transverse seismic shears acting at
the top of the intermediate piers.

2
12°A'S = -
5 T T, 8¢ Division I-A
- Egn (3-1)
T )
trans
C,=0315 Elastic response coefficient

<25%A (= 0.375) O
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Design Step 1 — Preliminary Design Design Example No. 5

Design Step
14

(continued)

Nine-Span, Two Unit Bridge

At Fier No. 4, compute the maximum transverse deflection.

s W gen

A= == B g = 004791

gen

Transverse deflections at the other pier locations may be computed as A =y
A__ . At Pier No.7

A=A o A= 0019+

The transverse force associated with this deflection and transverse stiffness
for Fier No. 7 may be computed.

Fotrans = A 7K

Ftrans = 689-kip Transverse seismic shear at Pier No. 7
from preliminary design

Preliminary transverse seismic shear forces for other piers may be computed
similarly and are shown in Figure 6. These preliminary forces were used to
check the substructure members for size and reinforcing. The results from
the Multimode Spectral Method are shown in Table 4 for comparison.

~

Unit1 | Unit 2 i

Pier No. 3

Pier No. 2

Pier No. 1

ook Zpak  BOBK 694k BBBK 416k GBOk 344K

Note: All Forces Shown in Kips.

Figure 6 — Transverse Seismic Shears
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Design Step 2 — Basic Requirements Design Example No. 5

DESIGN STEP 2

Design Step
2.1

Design Step
2.2

Design Step
2.3

Design Step
24

Nine-Span, Two Unit Bridge

BASIC REQUIREMENTS

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

The configuration of the bridge is nine spans totaling 1468 feet and consisting
of two units: four spans (Unit 1) and five spans (Unit 2). The bridge features
a steel plate girder superstructure with cast-in-place concrete deck and
reinforced concrete substructure. Thus, the Specification applies.

Acceleration Coefficient
[Division I-A, Article 3.2]

For this example, the Acceleration Coefficient (A) is 0.15 (normally taken from
Figure 3 of the Specification).

A=0.15

A site investigation by a qualified geotechnical engineer or seismic hazard
assessment specialist may be used to develop 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 ll. The bridge is
assumed not to be essential for use following an earthquake.

IC =1l

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

The Seismic Performance Category (SPC) is B . This is taken from Table 1 of
the Specification.

SPC=B
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Design Step 2 — Basic Requirements Design Example No. 5

Design Step
2'5

Design Step
2.6

Nine-Span, Two Unit Bridge

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 I is used since it corresponds to
stable deposits of sands and gravels less than 200 feet deep overlying rock.

The Site Coefficient (9) for this type soil is 1.0 per Table 2 of the Specification.

5=10

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.

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

Since this bridge is classified as SPC B, 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=30 For the substructure since single-column piers are used

R=10 For the superstructure to intermediate pier connection (bearings)
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.
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Design Step 2 — Basic Requirements

DESIGN STEP 3

DESIGN STEP 4

FHWA Seismic Design Course

Design Example No. 5
Nine-Span, Two Unit Bridge

SINGLE-SPAN BRIDGE DESIGN

Not applicable.

SEISMIC PERFORMANCE CATEGORY A DESIGN

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

DESIGN STEP 5

Design Step
5.1

Design Step
5.2

Nine-Span, Two Unit Bridge

DETERMINE ANALYSIS PROCEDURE

Determine Maximum Subtended Angle
[Division I-A, Article 4.2]

The bridge is curved in the horizontal plane. The 856-foot-long Unit 2 has a
curve radius of 1200 feet.

Calculate the subtended angle.

R :=1300ft Radius of curvature
S = 665 ft Length of arc
S
A = —
R
A = 38+deg Subtended angle in plan

Determine Maximum Span Length Ratio
[Division I-A, Article 4.2]

Compute the maximum span length ratio from span-to-span, i.e., for adjacent
spans.

L may = 165°ft Maximum span length (Span 2)
L min = 105t Minimum span length (Span 1)
L max
Span ot = L
min
Span, i, = 176 Maximum span length ratio, greater
than 1.5
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Design Step 5 — Determine Analysis Procedure Design Example No. 5

Design Step
5.3

Design Step
54

Design Step
5.5

Nine-Span, Two Unit Bridge

Determine Maximum Bent/Pier Stiffness Ratio
[Division I-A, Article 4.2]

Using the transverse pier stiffnesses computed in Design Step 1, compute the
maximum bent/pier stiffness ratio from span-to-span, i.., for adjacent piers,
excluding abutments.

ki
Kitrans = 55928'—5 Maximum pier stiffness
kip
K trans = 14474'-;; Minimum pier stiffness
K 1trans
Stiffness ratio S T
K 2trans
Stiffness v, = 248 Maximum bent/pier stiffness
ratio, greater than 2
Critical Bridge
[Division I-A, Article 4.2.3]

Assume that the bridge is not critical.

If the bridge is large, expensive, required to function immediately following
the design earthquake, or geometrically complex, then the Specification
recommends that Time-History Method (Procedure 4) be used to analyze
the structure.

Regular Bridge
[Division I-A, Article 4.2]

Table 5 of the Specification gives the requirements for determining if a
bridge is regular. The requirements are based on limiting values of the
parameters determined in the steps above.

The bridge is not regular because the span length ratio and bent/pier stiffness
ratios are exceeded, and there are more than six spans.
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Design Step 5§ — Determine Analysis Procedure Design Example No. 5

Design Step
5.6

Design Step
5.7

Nine-Span, Two Unit Bridge

Curved Bridge
[Division I-A, Article 4.2.2]

A curved bridge may be analyzed as if it were straight provided all of the
requirements of Article 4.2.2 are satisfied.

The bridge has a subtended angle in plan and is greater than 30°; therefore,
the bridge must be analyzed using the actual curved geometry.

Analysis Procedure
[Division I-A, Article 4.2]

Because this bridge is not a single-span bridge and it is not a SPC A
bridge, a detailed seismic analysis is required. Table 4 of the Specification
is used to select the minimum analysis requirements.

From Table 4 of the Specification, the Multimode Spectral Method
(Procedure 3) must be used because this bridge is not regular and has more
than six spans.

This is the minimum method that can be used. The Time-History Method
(Procedure 4) could be used in lieu of Procedure 3.

For this example, Procedure 3 is used for the analysis.
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DESIGN STEP 6 DETERMINE ELASTIC SEISMIC FORCES AND DISPLACEMENTS

Design Step Description of Mathematical Model
6.1

Design Step General
6.1.1 [Division I-A, Article 4.5.2]

The structural analysis program SAF90 Version BETA .00 (C51, 1994) was
used for the linear elastic analyses. The model used is shown in Figure 7 and
includes a single line of elements for the superstructure and a single line of
vertical elements for each of the intermediate piers. A copy of the SAFI0
input file for the analyses is provided in Appendix B.

Bridge
Abutment B ¢

Bridge
& Aputment A
' Support Node
at Abutment (Typical)

\ Intermediate

Pier (Typical)

\\ 4 Superstructure

Elements per Span (Typical)

%
Notes:

1. For Span Lengths, See Figure 1a.

2. For Details of Pier Column Elements, See Figure &.
2. For Spring Details at Piers, See Figure 1.

4. For Details of Abutment Supports, See Figure 16.

Figure 7 — Structural Model of Bridge
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and Displacements

Design Step
6.1.2

Nine-Span, Two Unit Bridge

Superstructure
a) Geometry

The superstructure has been modeled with four elements per span. The nodes
and work lines of the elements are located along the center of gravity of the
superstructure.

As shown in Figure 7, the superstructure has been collapsed into a single
line of 3-D frame elements that follow the horizontal geometry of the
bridge centerline. As discussed in Design Step 5.6, the bridge must be
analyzed using the actual curved geometry. This “stick” model is used
solely for the determination of seismic forces for this example. For some
structures, such as multicolumn bents, this type of model may not give the
correct forces for other loadings, such as dead loads. However,
substructure dead load forces obtained from a “stick” model for the type of
bridge in this example would generally be acceptable, though dead load
distribution to the superstructure elements would require more exact
analysis by girder line or grid. Springs are used to support the structure.
The determination of the foundation spring stiffnesses is discussed in
Design Step 6.2.

Enough nodes must be used along the length of the superstructure to
accurately characterize the response and forces. The mass of the structure
will be lumped by SAP90 at the nodes, which is typical of most dynamic
analyses programs. For a uniform cross section such as this one and
relatively large radius curvature (greater than 800 feet), nodes at the
quarter points are sufficient. Moments of inertia and torsional stiffness of
the superstructure are based on uncracked cross-sectional properties.

b) Properties

The properties of the elements were presented previously in Design Step 1,
Preliminary Design. Since the superstructure is a composite of steel and
concrete, these properties are transformed to equivalent concrete properties.
The density used for the modal analysis has been adjusted to include
additional dead loads from traffic barriers, wearing surface overlay, and stay-
in-place metal forms. The total weight of these additional dead loads is

2.4 Kips per lineal foot of superstructure.
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and Displacements Nine-Span, Two Unit Bridge
Design Step The centroid of the superstructure has been located & feet above the top of
6.1.2 the pier to account for the height of the bearings and leveling pedestal. The

(continued) connection of the superstructure to the pier is made in the SAP90O model with

rigid link elements shown in Figure & as the top elements of the piers.

Superstructure
Elements
? X Connected Here
©
© Rigid Link
¢ 6XX
" !
S 5XX
S
- Column
4XX Elements
Di© /
RIS
AR ® Node —|
NES
S
-1
¢l N
2|8
L1Z
Ay
L8
IR
RIES
A
919
°18
XX
© Foundation
© 2XX Element
-&
L4
Foundation Springs
Connected Here, See Figure 11.

Figure 8 — Details of Pier Column Elements
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and Displacements

Design Step
6.1.3

Design Step
6.1.4

Nine-Span, Two Unit Bridge

Substructure

The intermediate piers are modeled with 3-D frame elements that represent
the individual columns. Figure & shows the relationship between the actual
pier and the “stick” model of 3-D frame elements. Three elements were used
for the column between the top of footing and the bearings. This was to
account for the varying cross section near the top of the column since
SAPI0 handles members with varying cross sections by interpolating between
the member end nodes. For this model, the moments of inertia and torsional
properties of the columns are based on an uncracked section. Foundation
springs are connected to the node (2xx) at the base of the pile cap. There are
no elements to model the abutments, only support nodes as shown in Figure 7.

Connection of Superstructure to Piers

In the actual structure, internal forces are transferred between the
superstructure and the pier through the bearings. In the seismic model,
the superstructure forces are transferred at the single point where the
superstructure and pier intersect. At pinned piers, node 6xx (in Figure 8)
transfers shears from the superstructure in all directions, and is released
for moment in the longitudinal direction. At Pier Nos. 4, 5, and 8 which
are free to move longitudinally, only transverse shears are transferred.

Figure 9 shows modeling details for the connection at the top of Pier No. 4,
which is the location of the expansion joint between Unit 1 and Unit 2. If
the ends of the adjacent superstructure elements are connected directly to
Node 741 and these element ends are released for longitudinal translation
and rotation, the node (741) is still attached to the top of the rigid link and
will receive the tributary mass from each end of the attached
superstructure. (Lumped mass for spectral analysis is discussed further in
Design Step 6.3.) This will result in longitudinal shears being transmitted
to Pier No. 4 though the superstructure is free to move longitudinally there
and should transfer no shear.

To model the behavior at the expansion joint correctly, three coincident
nodes are defined at the top of the rigid link. The two additional nodes
(741A and 741B) are used to define connectivity, which will result in
correct forces for Pier No. 4. The end of the superstructure element from
Unit 1 is connected to one of the nodes (741A), the end of the
superstructure from Unit 2 is connected to another of the nodes (741B),
and the third node (741) is connected to the top of the rigid link of the pier
column elements. Local coordinate systems and release constraints of
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Design Step each of the three nodes are defined. This prevents the column top node (741)
6.14 from picking up lumped mass from the adjacent superstructure elements in

(continued) the longitudinal direction, for which the structure is free to move. Instead of
coincident nodes, a short element could have been defined at the two ends of
the superstructure elements adjacent to Node 741. The ends of these short
elements adjacent to Node 741 would then be released for translation and
rotation longitudinally in their respective local directions to model the
superstructure ends at'the expansion joint, and the lumped mass from the
short elements transmitted to Pier No. 4 would be very small.

Y
G PierNo. 4 " Local
oca
Q Expansion k:
. :
I Joint ~+——— Superstructure

Element From
Node 7418 Unit 2

Node 741
Node 741A

Coincident Nodes

Superstructure o

Element From N ———— Rigid Link
@ Oxx

Unit #1

® 5

Local for X
Column Elements
z (Radial)

Figure 9 — Details at Pier No. 4 Expansion Joint
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Design Step Modeling details for connections at the tops of Pier Nos. 5 and 8 are shown in
6.14 Figure 10. These piers have sliding bearings to allow unrestrained

(continued) longitudinal motion. Since the superstructure is continuous, it is not
necessary to provide coincident nodes as with Pier No. 4 in order to provide
correct modeling for longitudinal forces. Translational and rotational releases
are provided at the top end of the rigid link element. The direction for the
releases is in the local column coordinate system, and so is oriented tangential
to the point of curvature at the center of the pier as shown in Figure 10.

G PierNo. 4

Superstructure '
Elements |

¥

rd
~— Node 7xx ;z '{Oce/
~———— Rigid Link
\. -

Superstructure
Element From )Y
Unit #1

Local for *
Column Elements
z (Radial)

Figure 10 — Details at Pier Nos. 5 and 8
Sliding Bearings
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and Displacements

Design Step
6.2

Design Step
6.2.1

Nine-Span, Two Unit Bridge

Foundation Stiffnesses

Pief Foundations

The intermediate pier foundations were modeled with equivalent spring
stiffnesses for the pile group. Figure 11 shows details of the spring supports.
For this example, all of the intermediate piers use the same foundation
springs. The spring stiffnesses are developed for the local pier support
coordinate geometry and are input into the SAP90 model with the same
orientation as the local pier columns. Note that the local axes for the spring
support nodes are identified differently (i.e., x, y, and z are not the same) in
Figure 11 than the local axes of the column elements.

For a program that can only accommodate global directions for spring
releases, the stiffnesses computed here would require some transformation
from local to global coordinate geometry for input into the model.

Establishing meaningful soil stiffnesses for bridge pile foundations is a
complex problem that is often simplified to linear springs for static or
modal analyses. There are several methods available for establishing
spring constants for use in a seismic analysis. Generally, the steps are

. Obtain the stiffness of a single pile, axially and laterally.

" Combine the stiffnesses of individual piles to obtain the group pile
stiffnesses.

. Determine if any additional stiffness contribution from the pile cap
(footing) should be included or if the flexibility of the pile cap
contributes to reducing the stiffness of the pile group.

. Combine any contribution of the pile cap with the pile group
stiffnesses to obtain the final foundation springs.

Judgment is necessary to determine the stiffness contribution of the pile
cap or footing. This largely depends on how confident the designer feels
about the assumed soil stiffnesses, strengths, and interaction with the pile
cap. If soils are weak, have liquefaction potential, or may not be in full
contact with the pile cap due to scour or settlement, then the stiffness
contribution from the pile cap interacting with the supporting soil should
be neglected. Generally, soil contribution under a pile cap is not included
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Design Step
6.2.1
(continued)

Superstructure
Elements : e——— 7XX Node

Column
Elements
Y X
A
—W— Translational Spring 2)0( Node (Support)
—W-—+> Rotational Spring

K
K1 }/
K22 K66

K
44/§/l Kss \ .

(Radial)

Note:
Coordinate Axes Shown Are for Local
Pier Support Nodes.

Figure 11 — Details of Supports for Spring Foundation Model

because it is assumed that soil will settle away from the cap. Piles are
usually required in poor soil conditions where settlement or liquefaction is
expected. In the case of liquefiable soils, downdrag on the piles may add to
the vertical load and reduce the pile capacity. Proper consideration of the
soil effects requires close coordination between the structural and
geotechnical engineers.

For this example, the piers are located in the flood plain of a large river.
With the potential for scour and loss of contact of soil around and beneath
the pile cap, only the stiffness of the pile group is considered in computing
the equivalent springs to model the foundation. Thus, resulting forces at
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and Displacements

Design Step
6.2.1

(continued)

Nine-Span, Two Unit Bridge

the foundation level will only be applied to the pile group to determine
design loads to the piles. Flexibility of the pile cap is neglected.

If it is desirable to include any stiffness contribution of the pile cap, a
number of methods may be used to calculate equivalent springs for the pile
cap and its soil interaction. One way to compute linear springs is to use an
elastic subgrade (or half-space) approach as described in the Seismic Design
and Retrofit Manual for Highway Bridges, FHWA (1987). Additionally, if
pile cap stiffnesses are included in the total foundation stiffness, the
resulting forces at the foundation level should be properly apportioned
between the pile group and the pile cap, which may result in
unconservatively low levels of force for design of the pile group if there is
any soil settlement or failure.

In order to investigate the effects of varying the foundation stiffnesses for
the model, two SAP90 runs were made. The first run used foundation
springs computed from the pile group only (lower stiffness). The second
run included the pile group stiffness plus the full elastic half-space
contribution of the pile cap acting as a spread footing (higher stiffness) in
order to provide an upper bound for the foundation spring stiffnesses.
Since the relative stiffness of the foundation to the stiffness of the pier
column is very large, whether the pile group is considered alone or the
contribution of the pile cap is included, the resulting forces for design of the
piers and foundations did not vary significantly, generally less than

5 percent. The designer should keep in mind that trends for the sensitivity
for resulting levels of force in the structure under seismic loading, with
variation of the foundation spring stiffnesses, are dependent upon the
relative stiffnesses within the individual structure and are unique to that
structure. Generally, any reasonable development of spring stiffnesses will
produce acceptable results. The sensitivity of varying bridge foundation
stiffnesses has been studied by Cook, et. al., (1995).

The pier foundation stiffnesses used in the model for producing final design
forces are the stiffnesses of the pile group only without any stiffness
contripution from the soil below the pile cap or contribution of flexibility of the
cap itself. A rigid cap was assumed.

a) Determine Single Pile Axial Stiffness
The piles used for the foundation are all 40 feet long, HP 12 x 84. It is

assumed that the piles are end bearing and skin friction is neglected in
calculation of the axial stiffness.
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Design Step For HP 12 x 84

(contin?ﬁ;ll) A= 2460 Cross-sectional area of pile
l ps = 650" in" Moment of inertia about the strong axis
| ow = 215 in” Moment of interia about the weak axis
L =400t
E = 29000 ksi Young's Modulus for steel

Calculate the axial stiffness by assuming an axial displacement of 1inch and
computing the axial load associated with that displacement.

A = 1in
P .o A'AE From the relationship A = PL/AE
L

P = 1486-10° +kip

Therefore, the vertical stiffness

kPv =

B>

¢ = 178310" P
pv = £

For a single pile

b) Determine Single Pile Lateral Stiffnesses

There are different methods available to evaluate lateral pile load-
deformation behavior, which is a complex relationship of pile deformation
and the reaction of the surrounding soil, which may be nonlinear. Computer
programs such as COM624 and LPILE are commonly used to obtain load
displacement curves. This requires input of soil material properties, such as
modulus of subgrade reaction and soil shear strength, along with the
properties of the pile. For this example, a linear approximation will be
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Design Step used such as described in NAVFAC (1986), Foundations and Earth
6.2.1 Structures, Design Manual 7.02.

(continued) i
Group action should be considered when pile spacing in the direction of
loading is less than six- to eight-pile diameters (D). Because typically
spacing may be 4D to 5D, the subgrade reaction modulus should be
reduced to account for the increased deflection of a pile in a group versus a
pile acting alone. From NAVFAC (1986), Foundations and Earth
Structures, Design Manual 7.02, Table 1 gives values for reduction factors
if specific values have not been supplied in the geotechnical report.

Table 1
Group Effect Reduction Factors

Pile Spacing in Subgrade Reaction
Direction of Loading Reduction Factor
D = Pile Diameter R
8D 1.00
6D 0.70
4D 0.40
3D 0.25

From: NAVFAC DM7.02 (1986)

For very dense sand, assume a coefficient of variation of lateral subgrade
reaction with depth, f from Figure 12, taken from NAVFAC (1986) Design
Manual 7.02. For group effect, use a reduction (efficiency) Factor R to reduce
the effective subgrade reaction.

tons

f =50 > From Figure 12
ft

R =065 From Table 1
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Design Step
6.2.1
(continued)

Nine-Span, Two Unit Bridge

UNCONFINED COMPRESSIVE STRENGTH Q. ,TSF
MEDIUM STIFF 1 VERY STIFF
FT STIFF
70 - ™
o 1 2 3 -
60 =)
4
'I
|+
sl t = COEFFICIENT OF VARIATION OF LATERAL SUBGRADE REACTION w
""" WITH DEPTH.USED IN ANALYSIS OF LATERALLY LOADED PILES. — S0
’I
A
- I’
- 40 " 40
[ 4
~N @
(73 -
g i
z 30 '3‘5 0
- e R COARSE
’/ GRAINED SOILS
td
4
20 < 20
FOR FINE '/
GRAINED sou.sz ,
Cd
L4
10 H—> )
4 P
e ,
»
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RELATIVE DENSITY Dy , PERCENT

Figure 12 — Coefficient of Variation of Subgrade Reaction

Note: This reduction factor reflects an easy design iteration of the pile group
layout and is higher than what would be obtained from Table 1 for pile spacings
of 4D to 5D as shown in Figure 14. Due to an oversight, this factor was correct
for the computation of springs presented here. Subsequent recalculation of the
spring values using a lower reduction factor indicates there would be negligible
change to the structure’s resulting design forces. The sensitivity of varying
foundation stiffness was discussed previously in this design step.

fp = fR
kip
fo=0036—; Effective coefficient of
in” variation of lateral
subgrade reaction
in kip/ir?
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Design Step
6.2.1

(continued)

Nine-Span, Two Unit Bridge

Compute the relative stiffness factor (T) for each direction from Figure 12
taken from NAVFAC (1986) Design Manual 7.02.

1

O [Es °
pe fo
T = B5ein Relative stiffness factor for the strong
pe direction of the pile
1
o E °
pw fe
T pw = 44 «in Relative stiffness factor for the weak

direction of the pile

Compute the ratios L/T for each direction and use Figure 13 (assuming a
pinned pile head condition) to determine the deflection coefficient Fg for a
depth Z equal to zero.

L
Strong = — Strong = 8.7
TP5
L
Weak = — Weak = 10.9
pr

From Figure 13, the curves for L/T ratios for 5 to 10 are the same for a value
of Z= 0, at the top of the pile. Therefore, the deflection coefficient will be
assumed the same for both strong and weak axes of the pile.

F § = 2.25 Deflection coefficient
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Design Step
6.2.1
(continued)

Nine-Span, Two Unit Bridge

O] DEFLECTION COEFFICIENT (Fg) <
FOR APPLIED LATERAL FORCE(P)| 41~
2 R 2o
| II’ ..-""} -~
- O ST
&
a.
=2k
g P Bp
3
z
N3
Fos L
o
w
4 PT3
. : 3P'Fa(q)
-1 %) 1 2 3

DEFLECTION COEFFICIENT, Fy

Figure 13 — Deflection Coefficient, F§

Calculate the lateral load P for a defiection §, at the top of the pile in each
direction from the following relationship.

3
PT s
El g

8P5 = Fg See Figure 15

For a defiection of 1inch in the strong direction

8p5 = 1in
5, _E-l
5 5
Pezz—P————Z— F’5=5O'kip
FS-TPs

Therefore, the translational stiffness in the strong (x) direction

2 Kip For a single pile
<o = 3 (g = 60G
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Design Step
6.2.1
(continued)

Nine-Span, Two Unit Bridge

For a deflection of 1 inch in the weak direction

SPW = 1+in
5, El
w w
Py = ——e P, = 32+kp
F5 T ow

Therefore, the translational stiffness in the weak (z) direction

Fw ki
For a single pile
W

f— —_— . P
K pw '3, ow = 388~

¢) Determine Pile Group Stiffnesses

In order to obtain springs for the pile group, some arrangement of piles
must be assumed. From a preliminary design step, vertical and lateral
loads on the pier foundation would give the designer an estimate of the
number of piles required. For this example, all of the intermediate pier
foundation springs in the model will be the same. (For a bridge with
significantly varying spans and pier loads, different springs should be
computed as required.) The assumed pile arrangement has 44 piles and is
shown in Figure 14.

Figure 15 shows the six spring directions (three translational and three
rotational) that will be calculated for the group. The cross coupling
stiffnesses between lateral translation and rocking rotation have been
neglected for this example.

N b= 44 Number of piles in the group

Step 1. Calculate Vertical Stiffness (y translation) of Pile Group.
k22 = kPV N p

5 kip
k = 7.84710" -
22 #
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Design Step
6.2.1
(continued)
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Figure 14 — Pile Layout
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Design Step
6.2.1
(continued)

Yertical Lateral Rocking
Stiffness (K22) Stiffness (K11 K33 ) Rotation (K44, Kgg)
Elevation

Torsional
Rotation (Kss)

Plan

Figure 15 — Foundation Springs
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Design Step Step 2. Calculate Lateral Stiffness (x translation) of Pile Group.
6.2.1

(continued) kyp = kN

ps " p

. ki
kyy = 26710 =~
ft

Step 5. Calculate Lateral Stiffness (z translation) of Pile Group.

Kzz = kpw'Np

4 klp
k =171110 -
3% o

The rotational springs require calculation that is dependent upon the pile
layout. Torsional resistance from the pile group is computed from the
lateral resistances of the sum of the piles in the group much like forces
resisting a torque on a bolt group. (The torsional resistance of a single pile
is considered equal to zero.)

Step 4. Calculate Torsional Stiffness (y rotation) of Pile Group.

For a single pile

ki
k., =000C- P Translation in the x direction
pe ft
k 2686 kip T lation in the y di i
pw = f ranslation in the y direction

To obtain the group stiffness, take the summation of the translational
stiffnesses for each direction times the square of the distance component to
the pile from the center of the pile group.

n

n
- _2 2
ko5 = D, ksl T D kg

i=1 i=1
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Design Step Two piles each have the following distances from the pile group center.
6.2.1
(continued) | . = 0.0 zq =10t
xp = 0.0 ft zo =141t

Four piles each have the following distances from the pile group center.

X5 = 5‘&3 23 = 10ﬁ
x4 =5 ft z4 =141t
X5 = 10ﬁ; 25 = 2'&»

Xg = 10-ft zg = cft
x~ =10t 27 = 10
Xg = 10-ft zg = 14
Xg = 15 zg = 2t

X1O = 15‘& 210 = Gﬁi
Xqq = 15t zZ41 =10t

" "
Xqp = 15-f zqp = 14-ft

Summing the torsional pile resistance by rows for both weak and strong axes

of the piles.

k1w = 2'kpw'(M
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and Displacements

Design Step
6.2.1

(continued)

Nine-Span, Two Unit Bridge

X + X +X2+X2
pw 5 © 7 8)

PR P
ps 5 o 7 &

, 2
k4w"4kpw< Ko *xip” + Xy +><12>

e 2 2 2 2
Kgg = 4Kpg (Zg tzi0 T2y +Z12>

Summing up for the entire pile group.

Kgp = Ky + Kyg + Koy + Kog + Kz, + Kkazg + kg + kgg

ft
Kes = 4798 1O skip—
55 4 rad

The rocking rotational resistance in each direction of the pile group is
computed from the sum of the moment resistance of the piles as a function
of their vertical stiffness and distance squared from the axis of rotational
stiffness, which for a symmetrical pile group is the center of the pile group.
Resisting moments at the connection of the individual piles and the pile
cap are disregarded. This method also assures elastic pile behavior and no
soil resistance.

Step ©. Calculate Rocking Rotational Stiffness (x axis) of Pile Group.

For z single pile

4 Kip
k,, =1786310 -
ft

pv

About the x axis, the distance from the rotation center and the number of
piles is

zq = 2'ft & piles
zp = o ft & piles
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Design Step zz = 10-ft 14 piles
6.2.1
(continued) zy =140t 14 piles

i () (6 (o) )

s = 79GP0 ki
=7. ~kip—
44 P rad

Step ©. Calculate Rocking Rotational Stiffness (z axis) of Pile Group.

About the z axis, the distance from the rotation center and the number of
piles is as follows. (Note that four piles have x = O and don’t contribute.)

Xq = 5ft & piles
Xp = 10-ft 16 piles
xz = 15-ft 16 piles

N (NN )

K 9.65110” ~kip—
= . . o l ? —
66 P rad

Step 7. Summary of Pile Group Spring Stiffness.

4 kip
kyy = 26710 —f{ Transiation, x axis
5 kip
Koo = 7.65°10 g Translation, y (vertical) axis
4 kip
kzz = 171410 —f—t— Translation, z axis
7 ft
Kgq = 79610 -kip——;i Rotation, x axis (rocking)
ra
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Design Step 6 ft
6.2.1 Kgg = 46410 <kip— Rotation, y axis (torsion)
(continued) rad
7 ft
Keg = 96210 -kip'—-—d— Rotation, z axis (rocking)
ra

Use these pile group springs to model the foundation stiffnesses in the
Multimode Spectral Method. These are input into the SAP90 Model in the
local pier support node coordinate systems as shown in Figure 11.
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Design Step
6.2.2

Nine-Span, Two Unit Bridge

Abutments

The abutments were modeled with a combination of full restraints (vertical
translation and superstructure torsional rotation) and an equivalent spring
stiffness (transverse translation) as shown in Figure 16. The transverse
translational spring stiffness is based upon the stiffnesses of the individual
pile stiffnesses used for the intermediate piers. The spring value for the
abutments is a ratio of the number of abutment piles (assumed to be 12, see
Figure 17) to the number of intermediate pier piles times the value of the
transverse translational spring (Kzz) used at the intermediate piers. Other
degrees of freedom at the abutment support nodes are released. Since
SAFO0 allows for springs and releases relative to the local coordinate
geometry, the longitudinal direction at the abutment nodes is oriented along
the axis of the superstructure element connected at that rode. The
transverse direction is perpendicular to the longitudinal direction in the global
x-z plane.

The model allows longitudinal response that is unrestrained at the
abutment. A gap between the end of the superstructure and the abutment
backwall that is larger than the expected seismic displacement must be
included if no longitudinal force is to be developed, see Figure 18.
Depending on the site acceleration coefficient, soil conditions, and bridge
configuration, this gap may be a reasonable size to accommodate available
expansion joint configurations, or it could be too small.

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 ends of the superstructure are restrained against translation in the
transverse direction at the abutments by girder stops. The forces resulting
from this restraint are passed through the girder stops into the abutment
to be resisted by the pile group.

Torsional response of the superstructure is fully restrained in the model by
the abutments.
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and Displacements

Nine-Span, Two Unit Bridge

Design Step The support node locations at the abutments are at the intersection of the
6.2.2 superstructure work line (at the centroid of the superstructure) and the
(continued) | centerline of the bearings. The abutment restraints and transverse spring
act at these nodes that are oriented in the local superstructure element
coordinate geometry.
Brg.
Abutment B Q'
—
Brg. ?
q— Abgutmcnt A /

' Support Node
| \y;&\ at Abutment B
I

l

I

Support Node Full Translationa! Restraint
ol *\,( at Abutment A
# Full Rotational Restraint
$ Translational Spring
Figure 16 — Details of Abutment Supports
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Design Step
6.3

Design Step
6.3.1

Nine-Span, Two Unit Bridge

Multimode Spectral Analysis - General

Mode Shapes and Periods
[Division I-A, Article 4.5.3]

The structure has been discretized using four elements per span and elements
at each pier dimension transition as discussed previously. Thirty-six vibration
modes were included in the multimodal spectral analysis, which involves the
superposition of individual modal responses to estimate the overall structural
seismic response.

The SAP90 program (or most any other dynamic spectral analysis
program) lumps the tributary mass of each element to the adjacent nodes.
Spring elements that provide foundation flexibility are massless. SAP90
determines the vibration periods and shapes for each of the vibration
modes of the structure. The number of modes is dependent on the number
of masses, the number of constrained degrees of freedom, and the number
of foundation restraints for the system. Enough modes have to be specified
so that the modal superposition to determine forces and displacements is
accurate. Typically the modes are numbered sequentially from the longest
period to the shortest.

The natural periods of vibration for the bridge are shown in Table 2 for the
first 36 modes. Figures 19, 20, and 21 show three selected modes for the
structure. Figures 19 and 20 show the modes associated with the
fundamental periods in the longitudinal direction for Unit 2 and Unit 1,
respectively. The longitudinal periods for these modes (first and second) are
1.52 seconds for Unit 2 and 1.21 seconds for Unit 1. Figure 21 shows the third
mode that is the first significant mode in the transverse direction, i.e., has
translation of the majority of the piers in the same direction. The period for
the third mode is 0.860 second.

Hand Check v Check Fundamental Period in the Longitudinal Direction

As a check, compare the longitudinal periods from the multimode analysis
with those calculated in Design Step 1, Preliminary Design.

From Preliminary Design (Step 1.3), the calculated longitudinal period was
1.55 seconds for Unit 2 and 1.26 seconds for Unit 1. In the preliminary design,
the foundations were fixed at the base of the pile cap. The values of the
longitudinal periods are quite close (1.55 versus 1.52 seconds for Unit 2 and
1.26 versus 1.21 seconds for Unit 1). This suggests that assuming the
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Design Step

Design Example No. 5
Nine-Span, Two Unit Bridge

foundations are fixed at the base of the pile cap, the longitudinal stiffness

6.3.1 closely approximated the longitudinal foundation spring stiffnesses used in

(continued)

the modal analysis.

Table 2
Modal Periods and Frequencies

MODE

WO W

PROGRAM SAP90,
FHWA BRIDGE NO. 5

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOHi—‘

VERSION BETA6.00

EIGENVALTUES

PERIOD
(TIME)

.517657
.206924
.802425
.748225
.748225
.746454
.744797
.680350
.654901
.597015
.568440
.504153
.489787
.462418
.445179
.445174
.391640
.340580
.323410
.322856
.306128
.256582
.233949
.233057
.231134
-231034
.230329
.228764
.225047
.216346
.216346
.211280
.206355
.204352
-194483
.191911

A ND

FREQUENCY
(CYC/TIME)

NUTE B bR RBWWWWNNNNNNNRRHRRHERRHERROO

.658911
.828553
.246222
.336496
.336496
.339668
.342647
-469831
.526949
.675001
.759202
.983523
.041705
.162546
.246286
.246313
.553366
.936169
.092050
.097357
.266602
.897389
.274430
.290803
.326489
.328370
.341609
.371318
.443523
.622222
.622220
.733052
.846029
.893525
-141843
.210740

FILE:EXAMS5.0UT

FREQUENCTIES

FREQUENCY
(RAD/TIME)

O WO oo U e

WWWWINNNNNODONNONOND R R E R e
NNOOCWLWWVWWVWIIIITIOAABOWWDA D™ WNON RO

.140057
.205950
.830247
.397452
.397452
-417381
.436100
.235219
.594104
.524340
.053391
.462843
.828412
.587677
.113830
.113998
.043274
.448492
.427922
.461270
.524667
.488020
.857035
.959907
.184132
.195953
.279133
.465803
.919478
.042275
.042265
.738643
.448497
.746922
.307149
.740044

EIGENVALUE

(RAD/TIME) **2

17

70

164
184

199

377

744
754

.140073
27.
61.
70.
70.

101917
312764
517201
517192

.852297
71.
85.
92.

110.

122.

155.

.568157

.624971

199.

167789
288270
046835
761722
177449
322457

200187

.204946
257.
340.

386632
346865

.444158
378.
421.
599.
721.
726.
738.
739.
.151116
.370344
779.
843.
843.
884.
927.
945.

741040
261940
663123
300317
836609
977032
619857

497267
453712
453163
386910
110987
373221

1043.752
1071.910
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and Displacements Nine-Span, Two Unit Bridge
Design Step G
6.3.1

(continued)

Figure 19 — Deformed Shape for Mode 1

unit 2

k' Global

Z

Figure 20 — Deformed Shape for Mode 2
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Design Step
6.3.1 Q_ Pier No. 4
(continued)
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Figure 21 — Deformed Shape for Mode 3
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Design Step 6 — Determine Elastic Seismic Forces Design Example No. 5
and Displacements Nine-Span, Two Unit Bridge

Design Step Spectral Loading
6.3.2 [Division I-A, Article 3.6.2]

The input response spectra for this bridge is shown in Figure 22. The curve
shown in the figure is given by the equation for Cgm the elastic seismic
response coefficient below.

0-4 i [ 1 1 ]
2 : I : 1 I
I R A RS B S
&: t i 1 1 1
Q \ 1 1 1 1
Qo ' | 1 1 1
O E 0_2 _______ - —— [ QU A m - - —-—— S _— - -
QL W ' | 1 |
g © I I ' ! !
S o} I PR Lo Ao e — Lo
Q 1 1 1 I T
o I ! I ! !
0 | l i I I
o) 05 1 15 2 25 %)
Feriod (seconds)
Figure 22 — Relationship Between Elastic Seismic
Response Coefficient and Period
1.2°A°S
C 5m<T m) = <25 A Division I-A
3 Egn (3-2)
Tm

Where:

A is the acceleration coefficient
S i5 the site coefficient
T i5 the period of the mth mode of vibration

A design response spectrum must be input to provide loading for the
model. This spectrum is specified in Article 3.6.2 of the Specification, and
it applies in both the transverse and longitudinal directions.
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Design Step 6 — Determine Elastic Seismic Forces Design Example No. 5
and Displacements Nine-Span, Two Unit Bridge

Design Step For this example, the longitudinal direction (EQlong) is along a straight line,
6.3.2 which connects the node at Abutment A with the node at Abutment B.
(continued) | Because of the structure’s plan curvature, this direction is in between the
tangent direction of Unit 1 and the chord direction of the curve of Unit 2. The
transverse direction (EQtrans) is applied at 90 degrees to the longitudinal
direction. See Figure 23 for plan directions of the applied earthquake loading.

The spectrum is defined as a function of period T by Equation 3-2 of
Division I-A with the upper limit of two-and-a-half times A, which Com

need not exceed. Most programs will require period-spectrum data palrs to
be input. Thus, the user must calculate the Cgp, values that will define a
smooth function within the analysis software. (Cgm is the modal analysis

version of Cg.) The range must cover the entire range of expected periods
for the structure.

Figure 22 and Equation 3-2 are based on 5 percent damping.

A<—— Transverse

2 EQ Direction
)
] Brg.
iﬁtmcnt A v Abutment B
|
P
T. T. :Igr1 T- :loch T- :IS% T Zlocr4| TNlcfrEi T:L?@ [Q:lo r7 € Pier —\
) i ) 1 ' | \ NO & €
o | fs \/ /
1 | 1 L 1 { : |
P P — , /
B R S S o g e
Longitudinal oo° | \ Z I
EQ Direction [ ]
v X (Global) v Local Support
(Global) r Nodes (Typical)
Z (Global)

Plan

Figure 23 — Earthquake Loading Directions
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and Displacements Nine-Span, Two Unit Bridge

Design Step Minimum Number of Modes
6.3.3 [Division I-A, Article 4.5]

Thirty-six modes have been included to provide an accurate estimate of the
response and internal forces. Note that 36 modes is more than three times
the humber of spans or maximum of 25 as given in Article 4.5.4 of the
Specification in order to obtain at least 90 percent mass participation for
each of the principal directions of applied loading.

As discussed previously, enough modes have to be specified so that the
modal superposition to determine forces and displacements is sufficiently
accurate.

One way of assessing how many modes are sufficient to characterize
response is to ensure that the percentage of mass that participates in each
mode in each direction is at least 90 percent of the total for each of the
directions of the applied loading. In this example, there is no loading
applied in the vertical (y) direction, and having 90 percent minimum mass
participation in that direction is not critical. However, the designer should
not rely only on mass participation. Mode shapes should be inspected to
determine that important masses, such as all of the substructure elements,
are excited by the selected modes.

Results from the multimode analysis are given in Table 3. The three columns
under Individual Mode (percent) show the participating mass in each direction
for each mode. The next three columns under Cumulative Sum (percent) show
the cumulative participating mass in each direction. The result is that

31 modes are required to obtain more than 90 percent of the mass in each of
the two plan directions (x and z), which are the directions of the applied
lateral loading.
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and Displacements

Design Step In Table 3
6.3.3
(continued) UX = Longitudinal Direction
UY = Vertical Direction
UZ = Transverse Direction

Design Example No. 5
Nine-Span, Two Unit Bridge

Table 3
Modal Participating Mass

FHWA BRIDGE NO. 5

MODAL

MODE PERIOD
1 1.517657
2 1.206924
3 0.802425
4 0.748225
5 0.748225
6 0.746454
7 0.744797
8 0.680350
S 0.654901
10 0.597015
11 0.568440
12 0.504153
13 0.489787
14 0.462418
15 0.445179
16 0.445174
17 0.391640
18 0.340580
19 0.323410
20 0.322856
21 ¢.306128
22 0.256582
23 0.233949
24 0.233057
25 0.231134
26 0.231034
27 0.230329
28 0.228764
29 0.225047
30 0.216346
31 0.216346
32 0.211280
33 0.206355
34 0.204352
35 0.194483
36 0.191911

PROGRAM SAP90, VERSION BETA6.00

PARTICIPATTING

M A S S

INDIVIDUAL MODE (PERCENT)

29.
30.
.3700
.5502
.0236
.0358
.0805
.6075
.0022
. 9385
.0113
.0038
.1215
.0007
.3345
.1508
.0138
.0212
.0171
.0001
.0054
.0000
.0010
.0780
.0420
.0484
.8202
.7128
.0619
.3639
.5549
.0808
.8918
.2508
.0001
.4414

CONNOWNOUNOOOOOOOCOOOOWOOOONOR ORI JO

ux

3365
4339

WOOOOOOOOOOOOOO\JO\OOOOOOOM?—‘OOOOOOOOOO

Uy

.0001
. 0005
. 0006
. 0000
.0000
.0947
.6990
.0000
.0000
.0000
.7409
.3373
.0003
.0030
.0000
.0002
.0013
.0000
.0024
.6257
.9300
.0000
.0000
.0000
.0269
.0003
.0005
.0002
.0001
.0000
.0000
.0000
. 7484
.0008
-0000
.9573

Leal

=}

OO0V OCOCORNRHOCOOOOOOHOBROORODBLOOOOOO W

Uz

.0720
.0000
. 0941
.0625
. 0136
.0400
.0567
. 2497
.0205
. 6634
.0000
.0000
L7125
.0000
.1579
.4261
.0031
.5894
.0030
.0001
.0000
. 0489
L2420
.1700
.0000
.0037
.3042
.0000
.1896
.0522
.0005
.1340
.0000
.4787
. 6491
.0000

FILE: EXAM5.0UT

CUMULATIVE
UXx
29.3365 0
59.7704 0
60.1404 0
67.6905 0
68.7141 0
69.7499 [
69.8304 0
71.4379 0
71.4401 0
74.3786 €]
74.3899 2
74.3937 4
74 .5152 4
74 .5159 4
77.8504 4
78.0012 4
78.0150 4
78.0363 4
78.0534 4
78.0535 21
78.0589 29
78.0589 29
78.0599 29
78.1378 29
78.17%9 29
78.2282 29
81.0484 29
86.7612 29
86.8231 29
89.1870 29
92.7420 29
92.8228 29
95.7145 30
97.9653 30
97.9654 30
98.4068 34

SUM (PERCENT)

gy

.0001
.0006
.0011
.0011
L0011
.0958
.7949
.7948
.7949
. 7949
.5358
.8732
.8734
.8764
.8764
.8766
.8779
.8779
.8803
.5060
4360
14361
.4361
.4361
.4629
.4632
.4637
. 4640
.4640
.4640
.4640
.4641
.2125
.2133
.2133
.1706

63
63

63

82
82

89

96

uz

.0720
.0720
.1661
.2287
63.

2423

.2822
63.
77.
77.
82.

3389
5885
6090
2784

.2784
.2784
86 .
86 .
88.
88.
88.
89.
89.

9909
9909
1488
5749
5780
1674
1704

.1705
89.
89.
90.

1705
2195
4614

.6314
96 .
96 .
96 .
96 .
97.
97.
S7.
97.
97.
97.
98.
98.

6314
6351
9393
9393
1289
1811
1816
3156
3156
7943
4434
4434
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and Displacements

Design Step
6.3.4

Nine-Span, Two Unit Bridge

Combination of Modal Forces and Displacements
[Division I-A, Article 4.5]

The response of the model in each of the calculated modes must be
superimposed to estimate the overall response. Since all the modal
maximum responses do not occur simultaneously, a simple summation of
the modal absolute values is not appropriate. Most programs use either
the Square Root of the Sum of the Squares (SRSS) Method or the Complete
Quadratic Combination (CQC) Method. The simplest is the SRSS method,
and it is adequate when the modal periods are well spaced. When the
periods are quite close, coupling between modal response can occur, and
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 vibrational fundamentals. Most programs now have the CQC
method as an option. The method requires very little additional run time
for most models and should be used exclusively to eliminate the judgment
of what constitutes closely spaced periods. The default combination
method for SAP90 is CQC.
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and Displacements

Design Step
6.4

Nine-Span, Two Unit Bridge

Determine Forces and Displacements in Transverse Direction
[Division I-A, Article 4.5]

Using the Multimode Spectral Method, perform a transverse analysis.
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 longitudinal and transverse directions for the
application of loading for the structure are described in Design Step 6.3.2
and are shown in Figure 23. The longitudinal direction is along a straight
line that connects the node at Abutment A with the node at Abutment B.
The transverse direction is applied at 90 degrees to the longitudinal
direction.

The analysis program handles all the calculations, including the modal
combinations. In this case, 36 modes were used to characterize the
response. This number was kept constant for all the analyses.

The results are given in Table 4. The SAPOO input file for this analysis is
EXAMD. Shown in the table are forces and moments for the intermediate
piers, which are the focus of the design process for this example. Directions
for forces and moments are shown in Figure 24 and are oriented along the
local coordinate system for the column elements.

Displacements are given in Table 5 for both transverse and longitudinal
analysis. Figure 25 shows directions for the displacements that are in the
global coordinate system.

Hand Check v Check Transverse Column Shear Forces

As a check, compare the preliminary values computed in Design Step 1.4,
Figure 6 with the average values of the column top transverse shears
shown in Table 4.

For example, from Figure & in Design Step 1, the transverse column shear for
Fier No. 7 is 669 kips. The transverse column top shear for Pier No. 7 from
Table 4 is 291 kips.

Other shears may be similarly compared. All of the preliminary transverse
column shears are higher than those from the modal analysis.
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and Displacements

Design Example No. 5
Nine-Span, Two Unit Bridge

Design Step
6.4
(continued) Table 4
Response for Transverse Direction (EQtrans)
Forces and Moments - EQtrans
Longitudinal Transverse
Support/Location Shear Moment Shear Moment Axial
(kips) (kip-ft) (kips) (kip-ft) (kips)

Pier No. 1 Column Top 19 9] 259 1,679 El

Column Base 140 6,972 384 19,908 9

Foundation 147 7,892 445 22,723 10

Pier No. 2 Column Top 40 (% 315 2,046 [2)

Column Base 64 4,279 509 35,925 7

Foundation &4 4,707 580 39,446 7

Pier No. 3 Column Top 40 0 406 2,634 3

Column Basge 65 4,282 6352 44,870 >

Foundation &3 4,709 712 49,295 4

Pier No. 4 Column Top 6 (¢} 472 3,066 7

Column Base 50 2,958 753 53,373 7

Foundation 70 3277 846 58,753 7

Pier No. 5 Column Top 0 ] 458 2,94 6

Column Base 15 17 702 50,052 2

Foundation 22| 1,017 768 54,935 6

Pier No. & Column Top 37 o} 337 2,167 5}

Column Base 52 3,493 543 38,285 [2)

Foundation 58 3,637 613 42,217 [2)

Pier No. 7 Column Top 108 o 391 2,524 5

Column Base 125 6,138 539 25,593 5

Foundation 132 6,936 602 32,492 5

Pier No. & Column Top @) 0 289 0 2

Column Base 109 4,455 445 23,126 5]

Foundation 120 5,302 516 26,474 5}
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Design Step
6.4
(continued)

Transverse

K Moment

Transverse Shear

Longitudinal
Moment

-

Figure 24 — Key to Force and Moment Directions
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Design Step 6 — Determine Elastic Seismic Forces Design Example No. 5
and Displacements Nine-Span, Two Unit Bridge

Design Step
6.4
(continued) Table 5
Displacements
DISPLACEMENTS
EQtrans EQlong
Support/Location Gilobal X Global Z Global X Global Z
(ft) (fr) (ft) (fr)

Abutment A Superstructure 0.0394 0.0327] 0.2022 0.0059

Pier No. 1 Superstructure 0.0394 0.0563 0.2019 0.0114

Foundation 0.0058 0.0280 0.0297 0.0056

Pier No. 2 Superstructure 0.0397, 0.1095] 0.2036 0.0243

Foundation 0.00%6 0.0363 0.0167| 0.0080

Pier No. 3 Superstructure 0.0399 0.1269| 0.2047 0.0284

Foundation 0.0036 0.0441 0.0185 0.0092

Superstructure - Unit 1 0.0400 01636 0.2054 0.0263

Pier No. 4 Superstructure - Unit 2 0.0456 0.1639] 0.2679 0.0263

Foundation 0.0032 0.0518 0.0163 0.0087

Pier No. 5 Superstructure 0.0480 0.1455 0.2654 0.0%14

Foundation 0.0010 0.0487] 0.0166 0.0058

Pier No. & Superstructure 0.0433% 0.1139]| 0.2565 0.0620

Foundation 0.0024 0.0379 | 0.0211 0.0061

Pier No. 7 Superstructure 0.0375 0.0772| 0.2413 0.1023

Foundation 0.0053 O.OZ)GSII 0.0364 0.0097

Pier No. & Superstructure 0.0363 0.0657 0.2254 0.2368

Foundation 0.0052 0.0320 0.0148 0.0125

Abutment B Superstructure 0.0408 0.0354 0.2645 0.0161
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/ No. &

!

RN

Design Example No. 5
and Displacements Nine-Span, Two Unit Bridge
Design Step
6.4
(continued)
- Bra. Brg.
Abutment A Abutment B
¢ @ Pier GPier QPier @Pier @Pier Qpir ¢
| l No. 1 | No. 2 I No. 3 | No. 4 l No. 5 | No. & !
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-
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(Global) l Directions (typical)
Z (Global)
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Figure 25 — Key to Displacement Directions
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and Displacements

Design Step
6.5

Nine-Span, Two Unit Bridge

Determine Forces and Displacements in Longitudinal Direction
[Division I-A, Article 4.5]

Perform the analysis for loading in the longitudinal direction.

Thc-resulting forces and moments at the intermediate piers for the spectral
analysis in the longitudinal direction are given in Table 6. (Refer to Figure 24
for force and moment directions.) The SAPOO input file for this analysis is
EXAMS.

Displacements for both transverse and longitudinal analyses are given in
Table 5. Figure 25 shows the global displacement directions.

Hand Check v' Check Longitudinal Column Shear Forces

As a check, compare the preliminary values computed in Design Step 1.3,
Figure 4 with the column top longitudinal shears shown in Table 6.

For example, from Figure 4 in Design Step 1, the longitudinal column shear for
Fier No. 7 is 922 kips. The longitudinal column top shear for Pier No. 7 from
Table 6 is 827 kips.

Other shears may be similarly compared. All of the preliminary longitudinal
column shears are higher than those from the modal analysis.
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and Displacements

Design Example No. 5
Nine-Span, Two Unit Bridge

Design Step
6.5
(continued) Table 6
Response for Longitudinal Direction (EQlong)
Forces and Moments - EQiong
Longitudinal Transverse
Support/Location Shear Moment Shear Moment Axial
(kipo) (kip-ft) kipp) | (ipft) | (kips)

Pier No. 1 Column Top 612 O 54 353 45

Column Base 716 35,767 78 4,078 45

Foundation 756 40,484 &9 4,645 49

Pier No. 2 Column Top 205 @) 69 450 33

Column Base 331 21,950 13 7,955 35

Foundation 431 24,143 128 8,744 36

Pier No. 3 Column Top 203 0 &2 530 16

Column Base 331 21,963 131 9284 17

Foundation 425 24,157 149 10213 17,

Pier No. 4 Column Top 0 0 7> 467 10

Column Base 254 15,171 122 8,524 10

Foundation 359 16,812 140 9,398 10

Pier No. 5 Column Top o} e} 54 344 17

Column Base 258 15,429 &3 5,665 17

Foundation 365 17,100 95 6,470 17

Pier No. & Column Top 3 0 56 370, 35

Column Base 413 25,134 &8 6,250 36

Foundation 502 20,8662 99 6,657 36

Pier No. 7 Column Top 827 0 23 604 18

Column Base 912 46,054 137 7,172 18

Foundation 943 52,054 156 5,165 19

Pier No. & Column Top ] 0 13 754 30

Column Base 208 12,606 178 9,176 30

Foundation 368 14,999 206 10,517 20
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DESIGN STEP 7

INTRODUCTION

Design Step
7.1

Design Step
7.1.1

Nine-Span, Two Unit Bridge

DETERMINE DESIGN FORCES

Under seismic loading, the bridge behaves much differently in the
longitudinal direction than it does in the transverse direction. In the
longitudinal direction, the bridge is free to slide at the abutments and Pier
Nos. 4, 5, and 8. All the longitudinal seismic load is, therefore, taken by
the pinned intermediate pier columns.

In the transverse direction, all of the intermediate piers and the
abutments participate in resisting the load. The pier columns are very
strong in the transverse direction relative to the longitudinal direction.

For this example, only one of the piers and its pile foundation will be
designed. Pier No. 7 has been selected because it has the highest full
elastic seismic longitudinal shears and moments, which is the weak axis
direction for the column.

According to the Specification, design for plastic hinging forces need not be
performed for SPC B. Division I-A, Article 6.2.2, presently allows the
designer to use a value of R/2 for foundation design where R is the
Response Modification Factor for the substructure (column or pier) to
which the foundation is attached. At the same time, the Commentary of
Division I-A, Article C6.2, warns the designer that forces larger than the
R/2 design forces may be transferred to the foundation. This depends on
the strength of the columns and piers, which should be investigated by the
designer. A rational approach would be to compare magnitudes of the
plastic hinging forces in the column or pier with the full elastic seismic
forces to determine the final forces for design of the foundation. This
would reduce the possibility of inelastic behavior from occurring in the
foundation for the design seismic event. Gajer and Wagh (1994 and 1995)
offer further discussion on this topic.

This example provides an opportunity to examine the forces used for
design of foundations in SPC B.

Determine Nonseismic Forces

Determine Dead Load Forces

The dead load forces are summarized in Table 7 for all of the intermediate
piere.
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Nine-Span, Two Unit Bridge

Design Step
7.1.1
(continued) ' Table 7
Dead Load Forces
Forces and Moments - Dead Load
Longitudinal Transverse
Support/Location Shear Moment Shear Moment Axal
kpp) | (opf) | kpe) | opr) | (ke
Pier No. 1 Column Top 12 (¢} O 0 1540
Column Base 12 603 (] 0| 2758
Foundation 12| 679 9 O 3365
Pier No. 2 Column Top 19 O [¢] 0 1567
Column-Base 19 1360 0 ] 3160
Foundation 19 1484/ O 0 3770
Pier No. 3 Column Top 7 0 1 2 1686
Column Base 7 523 1 101 3280
Foundation 7 570 1 109 36869
Pier No. 4 Column Top 0 0 3 750 1238
Column Base 0 O 3 558 2532
Foundation 0 0 3 541 3442
Pier No. 5 Column Top 0 0 3 502 1825
Column Base 0 0 3 269 3419
Foundation @] o} 3 245 4028
Pier No. 6 Column Top 9 0 0 247 1534
Column Base 9 659 ] 353 3125
Foundation 9 719 0 354 3737
Pier No. 7 Column Top 9 O 1 356 1536
Column Base 9 475 1 405 2755
Foundation 9 535 1 41 3564
Pier No. & Column Top O 0 2 508 1824
Column Base 0 ] 2 4256 3043
Foundation 0 0 2| 426 3652
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Design Step
7.2

Design Step
7.2.1

Design Step
7.2.2

Nine-Span, Two Unit Bridge

Determine Seismic Forces

Summary of Elastic Seismic Forces

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

A summary of the full elastic seismic forces for an earthquake at Pier No. 7
along each of the principal directions (both transverse and longitudinal) is
shown in Table &, which contains results from Tables 4 and D.

Table 8
Full Elastic Seismic Forces

Full Elastic Seismic Forces and Momente
Longitudinal Traneverse

Support/Location Shear Moment Shear Moment Axial

(kips) (kip-ft) (kipe) (kip-ft) (kips)
Pier No. 7 Column Top 827 (0] 93 e04 18
EQlong Column Base o1 46,054 157 7172 18
Foundation 943 52,034 156 5,185 19
Pier No. 7 Column Top 108 0 )l 2,524 5
EQtrans Column Base 125 8,128 539 25,593 5
Foundation 132 6,926 602 22,492 5

Combination of Orthogonal Seismic Forces
[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 load combinations LC1 and LC2 (without dead load). See Table 9
for a summary of these forces.
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Design Step
7.2.2
(continued)

Nine-Span, Two Unit Bridge

The definition of LC1 and LC2 follows.

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

LCZ = 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
could elect to design for these forces combined with dead load if other load

cases, such as stream flow, control the size of the substructure.

A sample calculation of the longitudinal column base moment for LC1 at Pier
No. 7 is derived as follows.

M= (10" Meqiong ) + (0-3 * MEgerans )
M= (1.0*46,054) + (0.3 6138 ) = 47,895 k-ft

All other forces in Table 9 are similarly calculated.

Table 9
Orthogonal Seismic Force Combinations
LC1 and LC2
LC1 =1.0°EQlong + O.3*"EQtrans
LC2 = 0.3"EQlong + 1.0"EQtrans Pier No. 7 Forces and Moments
Longitudinal Traneverse
Load Shear Moment Shear Moment Axial
Case (kips) (kip-ft) (kips) (kip-ft) (kips)
Column Top L1 859 0 210 1,561 20
LC2 356 0 419 2,705 10|
Column Base LCY 950 47,8695 299 15,750 20
LC2 399 19,954 550 30,745 10
Foundation L 983 54,115 337 17,933 21
Lc2 415 22,546 649 34,948 n
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Design Step
7.3

Design Step
7.3.1

Nine-Span, Two Unit Bridge

Determine Design Forces

For design of members and foundations, the design forces in Table 9
replace the Group VII load combination found in Table 3.22.1A of Division
I. These forces are used in the seismic design of the various components of
the bridge. (Note that Table 9 values may require the inclusion of earth
pressure, stream flow, and buoyancy forces as applicable.)

The seismic design forces use the R Factor in modifying the elastic seismic
forces. Looking at the entire bridge as a system, the intent of the
Specification is to prevent inelastic action from occurring in the
foundation.

There is a distinction between design forces for a) structural members and
connections and b) foundations.

Design Forces for Structural Members and Connections
[Division I-A, Article 6.2.1]

The Specification makes a distinction between the seismic design forces for
members and connections versus the seismic design forces for foundations
calculated in Design Step 7.3.2. Use Equation (6-1) 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 (6-1)

For this example, forces B, SF, and E are assumed zero, only D and EQM
forces are combined. (Buoyancy forces, B, will be included during design of the
foundation and added in Design Step 11.) 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 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.
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Design Step
7.3.1
(continued)

Nine-Span, Two Unit Bridge

in this example, R reduces the full elastic seismic column forces, but does not
reduce the full elastic seismic lateral shear force on the connection of the
superstructure to the intermediate piers. 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=3.0 Forforces in single-column piers
R=10  Forconnection of column to superstructure

b) Calculate the Design Forces with EQM

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

Table 10 summarizes the design forces. The R value used for each force is
given in the table.

For example, at Pier No. 7, the longitudinal column base moment using LC1
(Group LCY) is derived as follows.

M= (D + EQ/R)
M = (475 + 47,895 | 3) = 16,440 k-ft

All other forces in Table 10 are similarly calculated.

The R Factors have been applied to all of the forces, including shear and
axial forces, in accordance with the provisions of Division I-A, Article 6.2.1
for SPC B. This application of R Factors is unique to SPC B. In SPC C
and D, the probable shear forces and axial forces corresponding to full
plastic hinging (development of plastic mechanisms in the substructure)
are used.

However, for SPC B, the designer should consider the implications of using
the reduced design forces for shear and axial loads as presently allowed by
the code. If full plastic hinging forces are not used for the shear design of
the columns, then the possibility exists that the column is weaker in shear
than in flexure and a brittle shear failure could occur. To avoid the
possibility of this undesirable mode of failure, these options are available:
1) apply the method outlined for SPC C and D bridges in Division I-A,
Article 7.2, or 2) use the full elastic seismic shear forces for design.
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Nine-Span, Two Unit Bridge

Design Step Note that using the full elastic seismic forces does not prevent the column
7.3.1 from being shear critical, it simply means that the calculated design-level
(continued) elastic shear could be sustained without a shear failure. For an
earthquake larger than the design earthquake occurred, a brittle shear
failure could conceivably still occur.
Table 10
Design Forces — Members and Connections
Group LC1 = 1.0*Dead Load + 1.0*L.C1/R, R= 1.0 Column Top ( Connection)
Group LC2 = 1.0*Dead Load + 1.0°LC2/R R= 2.0 Column Base
Pier No. 7 Design Forces and Moments
Longitudinal Transverse
Location Load Shear Moment Shear Moment Axial
Case (kips) (kip-ft) (kips) (kip-ft) (kips)
Column Top Group LC1 866 o} 2n 1,717 1,556
R=10 Group LC2 365 0 420 3,061 1,546
Column Base Group LC1 226 16,440 101 5,655 2,762
R =30 Group LC2 142 7,126 194 10,653 2,758
Design Step Design Forces for Foundations
7.3.2 [Division I-A, Article 6.2.2]
Use Equation (6-2) in Division I-A to calculate the maximum forces in the
bent column foundations.
Group Load =10 (D + B + SF + E + EQF) Division I-A
Egn (6-2)
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 )
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Nine-Span, Two Unit Bridge

hY

Where, for foundation structures in SPC B, EQF = (LC1 or LC2 forces) divided

Design Step
7.3.2 by R/2, where R is the Response Modification Factor for the substructure
(continued) (column or pier) to which the foundation is attached. In this example for the

design of Pier No. 7, R = 3.

a) Effective Response Modification Factor
[Division I-A, Article 6.2.2]

Effectively, for the design of the foundation, R = 3/2 = 1.5. Use this for
calculating the design forces in the foundation.

b) Calculate the Foundation Design Forces with EQF
Table 11 summarizes the values of EQF design forces using R = 1.5.

For example, at Pier No. 7, the longitudinal foundation moment using LC1is
derived as follows.

M = (D + EQ/R)
M = (535 + 54,15 / 15) = 36,612 k-ft

All other forces in Table 11 are similarly calculated.

Table 11
Design Forces for Foundations with R = 1.5

Group LC1 = 1.0%Dead Load + 1.0°LC1/R
Group LC2 = 1.0"Dead Load + 1.0"LC2/R

R= Foundation

Pier No. 7 Foundation Design Forces and Momentes
Longitudinal Transverse
Location Load Shear Moment Shear Moment Axial
Case (kip2) (kip-ft) (kips) (kip-ft) (kip=)
Foundation Group LCI 664 36,612 225 12,266 3,378
Group LC2 256 15,566 434 23,709 3,37

Table 12 shows the design example foundation forces calculated using
R = 1.0 for comparison with the values of Table 11.
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Design Example No. 5
Nine-Span, Two Unit Bridge

Design Step Table 12 summarizes the values of EQF design forces using R = 1.0.
7.3.2
(continued) For-example, at Pier No. 7, the longitudinal foundation moment using LClis
derived as follows.
M= (D + EQ/R)
M= (525 + 54,115) = 54,650 k-ft
All other forces in Table 12 are similarly calculated.
Table 12
Design Forces for Foundations with R = 1.0
Group LC1 = 1.0°Dead Load + 1.0°LCI/R R = Foundation
Group LC2 = 1.0"Dead Load + 1.0°LC2/R
Pier No. 7 Foundation Design Forces and Moments
Longitudinal Transverse
Location Load Shear Moment Shear Moment Axial
Case (kips) (kip-ft) (kips) (kip-ft) (kips)
Foundation Group LC1 992 54,650 338 18,344 3,385
Group LC2 424 23,081 650 35,359 3,375
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DESIGN STEP 8

Nine-Span, Two Unit Bridge

SUMMARY OF DESIGN FORCES

The purpose of this section is to synthesize the various design forces
applicable for SPC C and D designs as outlined in Section 7 of the
Specification. For those two performance categories, the design forces are
controlled by either the elastic forces modified by the appropriate R Factor
or the plastic hinging forces. In addition, design force levels for hold-down
devices and other miscellaneous items are specified in Section 7. Thus this
design step is intended to condense the various forces into controlling
forces necessary for design of the bridge components.

Because SPC B designs presently do not consider plastic hinging forces, the
force combinations given in Design Step 7 are used directly. Design Step 8 is
skipped for this example.

As discussed in the Introduction to Design Step 7, the forces used for
design of the foundation will be examined. Consideration of the capacity of
the pier column to transfer forces to the foundation is presented in Design
Step 10.1.1(c) and foundation design with R = 1.0 forces is presented in
Design Step 11.1.1.

FHWA Seismic Design Course 3-83



Design Step 9 — Determine Design Displacements Design Example No. §
Nine-Span, Two Unit Bridge

DESIGN STEP 9 DETERMINE DESIGN DISPLACEMENTS

Design Step Minimum Support Length
9.1 [Division I-A, Article 6.3.1]

The bearing seats supporting the expansion ends of the bridge at the
abutments and Pier No. 4 must provide a minimum support length at least N

inches wide. See Figure 26 for condition at Fier No. 4 and Figure 27 for
condition at the abutments.

Pier No. 4 will have to accommodate support lengths for both Units 1 and 2.

Ly = 6221t Length of Unit 1

Hy =70 Average height of columns
between expansion joints for Unit 1

Lo =867t Length of Unit 2

Ho =60 ft Average height of columns
between expansion joints for Unit 2

S =0 Skew

From Division I-A, Equation (6-3A)
[ in in 5
Ny = \&in +002Ly— + 008 H;— '(1 + 0.000125°5 >
ft ft
Ny=217ft Support length required for Unit 1
_ . in in ( 2)
No = {8in+ O.OZ'LZE + 0.08H Z'E \1+ 0.000125°S

No=251-ft Support length required for Unit 2
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Design Step
9.1
(continued)

Design Step
9.2

Nine-Span, Two Unit Bridge

As can be seen from Figure 26, with 6 inches provided between the end of
superstructure and the centerline of the pier, the pier width of & feet 3 inches
is sufficient to accommodate the support length requirements at Fier No. 4.

Abutment B will have to accommodate support length for Unit 2. The
calculation for N is the same as performed above for No.

N=251.f

The support length provided at the abutments of 2 feet 11 inches is sufficient.
The support length for Abutment A is the same as calculated for N and is
less than for Abutment B.

Design Displacements

The superstructure displacements from Design Step &, Table 5 for the global X
(longitudinal direction) are given as

at Abutment A, longitudinal displacement = 0.202 ft ( = 2.4 inches )
at Fier No. 4, Unit 1 longitudinal displacement = 0.205 ft ( = 2.5 inches )
at Fier No. 4, Unit 2 longitudinal displacement = 0.268 ft ( = 3.2 inches )
at Abutment B, longitudinal displacement = 0.265 ft ( = 3.2 inches)

These displacements are compatible with the gaps provided for longitudinal
motion as shown in Figures 26 and 27.
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Design Example No. 5
Nine-Span, Two Unit Bridge

Design Step
9.2

(continued)

Unit 1
Superstruc

ture AN

=

§ Pier No. 4
6" 6"
Unit 2
/ Superstructure
-
Ny | No
6-3"

/— Pier

Figure 26 — Minimum Support Lengths at Pier No. 4

4|_3n

/ Superstructure

=

-——— Abutment Seat

W
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DESIGN STEP 10

Design Step
10.1

Nine-Span, Two Unit Bridge

DESIGN STRUCTURAL COMPONENTS

This section concentrates on the critical components that resist the seismic
forces. As discussed in Design Step 7, only structural components for
Pier No. 7 will be designed for this example.

Pier Design

Because this example features single-column piers, the design of the
columns will be addressed in this section.

For essential bridges in SPC B, the designer may wish to consider the
column design requirements for SPC C and D in Division I-A, Section 7 to

enhance the column ductility capacity.

Basic column data, see Figure 28 for details.

f o = 4000 psi Concrete strength

fyh = 60-ksi Yield strength of hoop
reinforcing

blon@ = 75 in Column base dimension in

the longitudinal direction

b irang = 240"in Column base dimension in
the transverse direction

A b

g = Plong Ptrans

A@ = 18000 °in2 Gross area of column base

Dimensions of concrete core at the column base, measured to the outside of
the transverse tie reinforcement. Assume a 3-inch clear cover to #7 ties.

Neiong = Plong ™ 2'(in)

h = 09-in Longitudinal core dimension

clong
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Nine-Span, Two Unit Bridge

Design Step ‘ o
101 | "ctrans = Prrans ~ 2 (5700)
(continued)
N ctrang = 294°in Transverse core dimension
A.=h

¢ = Nclong Netrans

A c = 160146 -in2 Area of concrete core

Design Step Determine Longitudinal Reinforcement
10.1.1

a) Summary of Controlling Column Design Forces from Design Step 7.3,
Table 10 [Division I-A, Article 6.2.1]

From LC1 at Pier No. 7 column base (with R = 3.0)

Py = 2762kip
M U“O”@ = 164’40k|P'f-t Y U“Ong = 326' kip
M Uttrans = D655 kip ft V iitrans = 101°kip

From LCZ at Pier No. 7 column base (with R = 3.0)

P = 2758 kip
M u210n@ = 726 klpﬁ; v U2[Ong = 142k|p
M Uztranﬁ = 10655klp'ﬁ: vu2traﬂ5 = 194'k|p

b) Minimum Column Reinforcing

Check the column with minimum longitudinal reinforcing of 1 percent of the
gross concrete area per Division |, Article 8.16.1.1. Use #11 bars for the
longitudinal reinforcement. Assume the reinforcement is spaced nearly equally
around the perimeter as shown in Figure 25. The two load cases above are
plotted on the interaction diagrams as shown in Figures 29 and 30. A ¢
factor of 0.7 is used for a tied column per Division 1, Article £.16.1.2.2.
Interaction diagrams shown are developed from PCACOL program, PCA (1993).
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Nine-Span, Two Unit Bridge

Design Step
10.1.1 : , 6 -3 \
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Figure 28 — Column Cross Section at Base
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Design Step
10.1.1 | 50000

{continued) ..

40000 =

30000 +

20000 4+

¢ Pn (Kip)

LCt
10000 ¢

20000 40000

-10000

¢ Mn (Kip ft)
e=21°

Pc=4.0 ksi X

fy=60.0 ksi

(M4)-#11 Bars
Clear Cover=3" /

¢ =0.7

9 :21 °——/

Figure 29 — Interaction Diagram for LC1
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Design Step
10.1.1
(continued)

FHWA Seismic Design Course

Design Example No. 5
Nine-Span, Two Unit Bridge

¢ Pn (Kip)

50000

40000

30000 +

20000 4+

10000 +

LC2

L 4

-10000

-

60000 80000

Pc=4.0 ksi
fy=60.0 ksi
(14) - #11 Bars

Clear Cover=3%"
¢ =0.7

6=59°

Figure 30 — Interaction Diagram for LC2
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Nine-Span, Two Unit Bridge

Design Step | Because the forces for both load cases plot inside the capacity curve for the
10.1.1 column with 1 percent steel, this reinforcement is sufficient.
(continued)
Agp = OOTA,
A gy = 180+ir Use 114 #11 bars (Agy = 177.84 ir?)

Arrange the reinforcement with 15 #11 along each longitudinal face and 42 #11
along each transverse face as shown in Figure 26. Check the clear spacing
between bars on both faces.

a b1 = 1.55"in Outside diameter for #11 bar
d b7 = 0.96in Outside diameter for #7 bar

_ 4 pit
blon@_ 21 3in+ db7+_‘

2 d
5 = -
clear 14 b1
5 clear = 219%in Clear spacing between
bars > 1.5%dyy;
okay
. 4 pit
brrans = 27| Sin+ dp7 + S
s = -4
clear 4% b1
S clear = O:81°in Clear spacing between

bars > 1.5%dy
okay

c¢) Determine Column Querstrength Plastic Moment Capacities

As discussed in the Introduction to Design Step 7, presently design for
plastic hinging forces need not be performed for SPC B. However, in order
to properly evaluate the magnitude of the forces used for design of
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Design Step
10.1.1

(continued)

Nine-Span, Two Unit Bridge

the foundations in Design Step 11 to avoid the possibility of foundation

understrength, the column’s overstrength plastic moment capacites need to
be computed.

Using the longitudinal reinforcement pattern from Design Step 10.11(b), a
column interaction diagram was developed with ¢ = 1. The diagram as shown in
Figure 31is plotted for biaxial nominal moment capacities of the column base
for an axial load from LCY, of Py = 2762 kips. From the plot, the maximum
column nominal capacities are determined for each of the principal directions.

M hiong = 57200 kip fr Nominal longitudinal moment
capacity

M ptrans = 118800 kip-ft Nominal transverse moment
capacity

200000 —

/— 18,800 Keft

100000 -

Nominal Longitudinal
Moment Capacity

(6 =1.0) —\ 37,200 Keft
l l -

] |
T T T
-200000 -100000 0 100000 2065000

-100000 -

P=2762 Kip <——— Nominal Transverse

Moment Capacity

(6 =1.0)

-200000 ——+
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Nine-Span, Two Unit Bridge

Design Step Compute the plastic overstength moment capacity from the nominal
0L capacities using ¢ = 1.3 for reinforced concrete per Division I-A,
(continued) | Article 7.2.2(A).

o =13 Strength reduction factor for plastic
overstrength

Longitudinal moment

M plong = oM hlong

M plong = 48260 *kip ft Longitudinal overstrength plastic
moment capacity

Transverse moment

Motrans = @' Mutrang

M ptrans = 154440 «kip ft Transverse overstrength plastic
moment capacity

Compute the full-elastic seismic moments for Pier No. 7 column base using the

dead load moments from Table 7 and the LC1 orthogonal seismic force
combination moments from Table 9 with R = 1.0.

M glong = 475" kipfi + 47895 kipft

M slong = 48370-kip ft Full elastic seismic longitudinal
moment for LC1

M strans = 405 kip ft + 15750 kip ft

M otrans = 16195 -kip f Full elastic seismic transverse

moment for LC1
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Nine-Span, Two Unit Bridge

Design Step Compare the magnitudes of the full-elastic seismic moments with the
10.1.1 overstrength plastic moment capacities for the column base. In the

(continued) longitudinal direction, the overstrength capacity is nearly equal to the full
elastic seismic moment. For the transverse direction, the overstrength
capacity is more than 9.5 times the magnitude of the full-elastic seismic
moment. This shows that full-elastic seismic forces can be carried by the
column elastically without hinging of the column. Therefore, full-elastic seismic
forces can be transmitted to the foundation. This is discusssed further in
Design Step 11.
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Nine-Span, Two Unit Bridge

Design Step Determine Typical Transverse Reinforcement
10.1.2 [Division I, Article 8.16.6]

From the previous step, it was shown that the column can carry the full
elastic seismic forces without hinging, particularly in the transverse
direction. As discussed in Design Step 7.3.1(b), if plastic hinging forces are
not used for the design of the column, then the possibility that the column
is weaker in shear than in flexure exists and a brittle shear failure could
occur. This possibility can be avoided by using the full elastic seismic
shear forces for design. Therefore, recompute the column shear forces used
for design with R = 1.0 (versus R = 3.0 as used in Table 10).

R:=30 Response Modification Reduction Factor
Desighn shear values from Table 10 with R = 3.0

= 326-kip From LC1
194 «kip From LCZ

v ullong

Y 2trans =

Recompute design shear values with R = 1.0.

Vulong = ¥ utiong R

% ulong = 97&-kip Design shear for longitudinal direction
Viutrans = Y u2trans R

V itrans = 982-kip Design shear for transverse direction

The reqguired shear strength of the Section V,, must be the following in each
direction.

0 = 0.85 Strength reduction factor for shear design
[Division |, Article £.16.1.2.2]
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Design Step
10.1.2
(continued)

Nine-Span, Two Unit Bridge

Longitudinal direction

v ulong Division |
Y niong = o Egn (8-46)
V nlong = 1151 kip

Transverse direction

vutrang Division |
Vntrans = 0 Egn (8-46)
Vntrans = ©85-Kip

Compute the effective depth d in each direction assuming 3-inch cover to #7
transverse reinforcing.

dp1
dc = 5lﬂ+db7+—2—

d.=5"in
dlong = b|0n@” dc d'Oﬂg: 70-in
dtrans = Pirans ~ d¢ dypang = 235¢in

Shear strength provided by concrete for each direction.

e . _ Division |
Vclong =2 J; P trans @ long Egn (&-51)

% 1= 2125 kip

clong
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Design Step
10.1.2
(continued)

Nine-Span, Two Unit Bridge

Vi ctrans = Z'J’;—c‘blong‘d trans Division |
Eqgn (&6-51)
Vctrans = 2229Kip

Since for both directions, V. >V, provide minimum shear reinforcement per
Division |, Article 8.19.1.

6:=121in Minimum spacing of ties
N B0V trang @
viong =
g fyh
Avlong = 2400 Provide 12 #4 in longitudinal direction
50'b long.s
Avtrans = _f—~
yh
Avtrans = 0‘75'5“2 Provide 4 #4 in transverse direction

The above determination of transverse shear reinforcing is for the typical
section, not in the end regions that have special confinement requirements
examined in the next Design Step. For this example, the above provisions
for minimum shear reinforcing are not strictly applicable because V,;, does
not exceed one-half of the shear strength provided by the concrete, ¢V, for
the transverse direction. Article 8.18.2.3 provisions for ties will also need
to be satisfied.

Because the longitudinal reinforcement is #11 bars (not bundled), #4 ties are
acceptable. The spacing of ties shall not exceed 12 inches. With the
requirement that no longitudinal bar shall be more than 2 feet from a
restrained bar on either side, check the minimum number of ties.

btrzmé
NO‘OHQ - 2. Nolon@ =10 < than12 #4 ties computed

above, use 12 ties
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Design Step
10.1.3

Nine-Span, Two Unit Bridge

b|or1g )
NOtrans = o NOtrang = O < than 4 #4 ties computed

above, use 4 ties

Determine Transverse Reinforcement for Confinement
[Division I-A, Article 6.6.2]

The core of the column must be confined by ties in the expected plastic
hinge regions. For this example having wide single-column piers with
pinned, sliding, or expansion bearings at the top, the column base is the
only end region where plastic hinging is expected. Therefore, the column
end region transverse confinement requirements will only apply to the
bottom of the columns.

The total gross sectional area (Agp) of rectangular hoop (stirrup)
reinforcement for a rectangular column is the greater of that required by
Equations (6-6) or (6-7) in Division I-A where

A =10146 irf Area of concrete core

A 9= 18000 +ir° Gross area of column

f . = 4000 -psi Concrete strength

fyh = 60 -ksi Yield strength of hoop reinforcing
a = o'in Maximum vertical spacing of hoops
h clong = ©9-in Longitudinal core dimension

h ctrang = 234+in Transverse core dimension

For ties in the longitudinal direction

fo [Ag \
Agh = 0-50‘2‘hcmn5‘;" N 1/ Equation (6-6)

yh c

A gy, = B.22¢in"
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Design Step
10.1.3
(continued)

Nine-Span, Two Unit Bridge

fe

ctrane'}-_
yh

Agp = 0.12:ah Equation (&6-7)

Agh = 1.23in <==== Controls, provide 19 #7 bars
Agh =140 i

For ties in the transverse direction

fe Ag

Agh = O'5O'a'hclong;—' N 1 Equation (6-6)

yh c

Ap = 0.95-ir
fe

Agp = 012 a'h clong'f_ Equation (6-7)
yh

Agh = 3,31+ it <==== Controls, provide & #7 bars

Agp = 3.60 ir?

Following the recommended tie details shown in the Commentary of Division
[-A, if alternate bars of the main #11 reinforcement are tied, then the tie bar
pattern would be as shown in Figure 28. This provides longitudinal tie
reinforcement of 22 #7 bars and transverse tie reinforcement of & #7 bars.

For this example, plastic hinging confinement reinforcing was computed
for both longitudinal and transverse directions (as shown in Figure 28)
although the column will likely remain elastic in the transverse direction.
The designer may, therefore, wish to use the tie requirements from Design
Step 10.1.2 for the transverse ties throughout the column height.

Extent of column “End Region” at the bottom of the column is the maximum of
the following three criteria per Division I-A, Article 6.6.2(B).

a. Maximum cross-sectional column dimension (at base) = 20 feet
b.  H, /6 =50 feet/C = .33 feet 1/6 x clear height of column
c. 18 inches (minimum)
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Nine-Span, Two Unit Bridge

Design Step | Because the column’s strength in the transverse direction is many times in

10.1.3 excess of the demand, it is unlikely that the column will hinge in this direction.
(continued) Therefore, the extent of the transverse reinforcement for confinement provided
will be controlied by criteria b because this is greater than the minimum cross-
sectional column base dimension of 6 feet 3 inches.

Therefore, extend the transverse confinement reinforcing region & feet

4 inches up from the top of the pile cap. Extend the transverse confinement
reinforcement one-half of this dimension (4 feet 2 inches) into the bottom
connection (pile cap) per Division I-A, Article 6.6.2(B). See Figure 32.

The connection of the column to the pile cap is shown in Design Step 10.3.4.

L 114 #11
Longitudinal
=Cg Bars
e
«©
=
<
O
£
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£
8]
=
Q
o
}
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X
o
E
3
E
£
>
% il
S Pile Cap
e
gl
£S
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O Hook
53 _[/. Embedment
N nnnnnnm[pn
T
.~.-

Figure 32 — Column Reinforcement Details
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Nine-Span, Two Unit Bridge

Design Step Pier Cross Frame Design
102

Lateral forces from the acceleration of the mass of the superstructure are
transferred to the substructure through steel cross frames to the bearings
at the top of the pier. The lateral forces from the deck slab are transferred
to the steel girders through shear studs along the top flanges of the girders
and from the girders to the cross frames at the piers. For this structure,
the cross frames at the piers consist of AASHTO M 270, Grade 50W steel
k-bracing as shown in Figure 33.

Design forces are the column top connection shear forces from Design
Step 7, Table 10. The transverse moments from Table 10 are not included
in the design forces. These moments are not significant and have little
effect on the anchor bolt forces. Additionally, the dead load forces are not
included for determination of the most critical anchor bolt forces.

This example features the force transfer from the deck to the cross frame
at Pier No. 7. Members and connections in the cross frame will not be
designed in detail. Seismic forces transferred to the bearings will be
computed and the anchor bolts will be checked in Design Step 10.3.3.

Design shear forces from Step 7, Table 10 for the top of Pier No. 7 (R = 1).

For LCY
V long = 868 kip
Vittrans = 21 kip
For LC2

V u2long = 565 kip
Y u2trans = 420"kip

Because the bearings at Pier No. 7 are pinned, the longitudinal force will be
transferred directly through the pin to the bearing anchor bolts. The
transverse force will be distributed by the deck slab to the girders and k-brace
cross frames to the bearing anchor bolts. The k-brace diagonals are at 45
degrees to the horizontal. Distribute the applied transverse shear from LC2,
as the critical case for transverse loading, to the bracing as shown in

Figure 34(a).

FHWA Seismic Design Course 3-102



Design Step 10 — Design Structural Components Design Example No. 5

Nine-Span, Two Unit Bridge
Design Step
10.2 —\ .9 .S
(continued) ‘ " |
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Figure 33 — Cross Frame at Pier
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Design Example No. 5
Nine-Span, Two Unit Bridge

Design Step
10.2
(continued)
F =480k .
> ir-0
(Typical)
9|8
) o>
(Typical) =
T—Fig —F3 —Fr3 -—Flg
(a)
F I
]
VAN
- =p
*\L
<—F/6
(b)
Figure 34 — Cross Frame
3-104
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Design Step
10.2
(continued)

Design Step
10.3

Design Step
10.3.1

Design Step
10.3.2

Nine-Span, Two Unit Bridge

F =V 2trans

F = 420-kip Transverse force applied
to entire crossframe

Assuming the force applied to the frame is resisted equally by each of three k-
braces, the diagonal member forces are computed and shown in Figure 34(b).
Axial tension and compression forces, P, are calculated as

-l

P = 99-kip Axial tension or compression force in
diagonal member of k brace from LC2
(member not designed in this example)

Connection Design

Longitudinal Linkage

Not required for SPC B. Restrainers are not required because it has been
determined in Design Step 9.1 [Division I-A, Article 6.3.1] that there is
adequate seat width.

Hold Downs

Not required for SPC B.
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Design Step
10.3.3

Nine-Span, Two Unit Bridge

Connection of Superstructure to Substructure

The connection of the superstructure to the substructure is provided by
anchor bolts at the bearing locations. For this bridge, there are several
different connection conditions to be designed because there are several
different types of bearings.

s Connections at the pinned piers (Pier Nos. 1, 2, 3, 6, and 7)
s Connections at the sliding piers (Pier Nos. 5 and 8)
s Connection at the expansion locations (Pier No. 4 and abutments)

In this example, the connection of the superstructure via the pinned
bearing anchor bolts at Pier No. 7 is designed. As discussed in Design
Step 10.2, lateral forces from the acceleration of the mass of the
superstructure are transferred to the substructure through bearing anchor
bolts at the top of the pier. Design forces to the bearing anchor bolts are
determined from the forces acting at the top of Pier No. 7.

From Design Step 10.2, in the longitudinal direction, the shear force is
transferred directly through the bearing pin. Longitudinal shear forces at the
top of the pier are

v = 865 kip From LC1

ullong

4 = 365 kip From LC2

u2long
The transverse shear forces at the top of the pier are

Y = 211+kip From LC1

ultrans

v W2trans = 420-kip From LC2

Design transverse shears at the pin level of the bearings are F/3 for interior
girders and F/G for exterior girders as shown in Figure 34(a). Check an
interior girder for the forces to the anchor bolts. Include the longitudinal
shear for LC2 that is assumed to be distributed equally to all bearing
locations. The bearing pin is taken as 1foot above the level of the anchor bolts
as shown in the bearing details of Figure 35.

4 =10 Moment arm for shears applied to
bearing anchor bolts
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Nine-Span, Two Unit Bridge

Design Step | Six A449 anchor bolts are shown in Figure 35(b). The resultant forces for the
10.3.3 bolt group for LC2 may be calculated as shown. This is conservative since the

(continued) . . o
effect of any vertical dead load acting to reduce the bolt tension is neglected.

btrane = 28in Transverse dimension between
outermost bolts of group

blong = 15in Longitudinal dimension between
bolts of group

N brg 4 Number of bearings

a) Compute the Anchor Bolt Forces for LC2
Moment applied to bolt group from LC2 transverse shear.

Fi=V 2trans

M = —d
2trans T
M Dtrans = 16860 - kipin
Bolt tension from Mot rans N bolts = 2

M 2trans 1

F =
2trans
btrane N bolts

F2trans = 30-kip
Moment applied to bolt group from LC2 longitudinal shear.

Y
u2lon
? d

M =
2lon
’ N brg

M Diong = 1095+ kip'in
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Design Step
10.3.3
(continued)

Nine-Span, Two Unit Bridge

Bolt tension from MZIong N bolts = 3

M 2long 1

P =
2lon
one blong Npoits

PZIong = 24.3+kip
Maximum bolt tension for LC2

F2tot = Fotrans * F 2long

Fopor = 54.3kip Bolt tension at extreme corner
Check shear per bolt for LCZ Npolts = ©
| 2
Y W2long (F)Z
-*.. —

N brg 5

Y 2bolt = N
bolts

Vopolt = 27.9- kip Shear per bolt neglecting friction

from vertical dead load
b) Compute the Anchor Bolt Forces for LCI

Moment applied to bolt group from LC1 transverse shear.

F =V ittrans

Mitrans = g'd

M iprang = 844 kip'in
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Nine-Span, Two Unit Bridge

Design Stéeg Bolt tension from Migrans  Npolts = 2
10.3.

(continued)

M 1tran5\ 1
'Pﬁ:rans = b '

trans N bolts

P1trans = 151-kip
Moment applied to bolt group from LC1 longitudinal shear.

vu1

long
Milong = '

brg
M “Oﬂg = 2604'kip‘in
Bolt tension from Miong Npoits = 2
o M flong 1

Tlong = '
blomg Nbolts

P“Oﬂ@ =579 klp

Maximum bolt tension for LC1

Picot = Prerans * Pliong

Ph:ot = 72.9+kip Bolt tension at extreme corner
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Nine-Span, Two Unit Bridge

Design Ste
es1g1;0'3.g Check shear per bolt for LC1 Npolts = ©
(continued)
2
v ullong ( F )2
+ —
N 4 3
Vipolt = N
bolts
Vipoly = 98kip Shear per bolt neglecting friction

from vertical dead load

¢) Summary of Anchor Bolt Forces

Bolt tension Bolt shear
FO?" LC2, F 21;01; = 545' klp v 2b01t = 279' klp
FOF LC1, P1t0t = 729' klp v1bolt = 55°klp

d) Design Anchor Bolts

For high-strength bolts (A325 or A449), assuming they are adequately
anchored for full shear and tension yield strength in the bolt itself, the design
strength F for shear and applied static tension is taken from Division |, Table

10.506A.

oF , = 56ksi Shear strength

OF , = 67 ksi Tensionstrength

Ay = 1485 in® Area of bolt corresponding to

nominal 1-2/8-inch diameter
Shear strength
0R, = OF Ay,
oR,, = B35-kip Greater than maximum shear from

LCY, (= 38.0 kip) say okay with
1-3/8-inch bolts
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Nine-Span, Two Unit Bridge

Design Step Tensile strength
10.3.3

(continued)

ORy = (9F ;A ) 0875  Reduce Division |, Table 10.56A tensile
strength for diameters greater than
Tinch (multiply by 0.8675)

OR, = 87.1-kip Greater than maximum tension from
LC1, (= 72.9 kip) say okay with
1-3/8-inch bolts

Anchor bolts should be anchored into the pier concrete to sufficiently
develop the full yield strength of the bolt in tension. To accurately place
the anchor bolts for the bearing assembly, the bolts are commonly grouted
in standard pipe sections capped with a plate at the bolt head as shown in
Figure 35(c). Alternately, the anchor bolts may be threaded at both ends
and have a plate with a welded nut tack in lieu of a headed bolt.
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Design Example No. 5
Nine-Span, Two Unit Bridge

Design Step
10.3.3 4 4
(continued)
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Figure 35 — Bearing Details
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Nine-Span, Two Unit Bridge

Design Step Connection of Column to Pile Cap
10.3.4

See Figure 32 for detail at the base of the column. Check the development
length for the #11 main reinforcement with 90 degree hooks as shown per
Division |, Article 8.29.

Basic data to check development

f . = 4000 Concrete compressive strength (psi)
Ay = 156" Area of #11 bar

dy, = 1410"in Diameter of #11 bar

fy = 00 Ksi Yield strength of reinforcing

Basic development for standard hooks

dy

7

This basic length (above) could be modified (multiplied by a factor of 0.7)
per Division I, Article 8.29.3.2 for bar cover greater than 2.5 inches,
however, the requirements of Division I-A, Article 6.6.2(B) to extend the
transverse confinement reinforcing, as shown in Figure 32, will control the
length of the #11 hook embedment.

L hb = 1200 L hb = 20.8¢in

To ensure proper force transfer ability and to simplify the construction, the
#11 hooks should be extended to the bottom mat of reinforcing, just above
the level of pile embedment.
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DESIGN STEP 11

Design Step
11.1

Design Step
11.1.1

Nine-Span, Two Unit Bridge

DESIGN FOUNDATIONS
[Division I-A, Article 6.4.2]

In this design example, only the foundation at Pier No. 7 will be designed.
Design Pile Group

The pile foundation consists of driven plumb steel H-piles (HP 12 x 84)
AASHTO M 270, Grade 36, with a cast-in-place concrete pile cap. The
following ultimate pile capacities are assumed to apply to this bridge site.
Actual soil properties and pile capacities would be specified in the
geotechnical report. The pile ultimate compression capacity under seismic
conditions may be determined by a number of different methods and is
usually a combination of frictional and tip resistance. The magnitude of
the ultimate compression capacity often exceeds the pile capacity value
based upon allowable stresses from Division I, Article 4.5.7.3.

If buoyancy effects should be included, a design water surface elevation
would be assumed. This would likely come from a hydrological report or
from the geotechnical report. For this example, geotechnical information is
provided in Appendix A.

Pile it = 370 kip Ultimate pile capacity in
compression (per pile)
File gy = ~100-kip Ultimate pile capacity in tension

(per pile)
Determine Axial Forces in Piles

The forces for design of the pile group are taken from Design Step 7.3.2,
Table 11. Initially, the pile layout will be assumed the same as used for
development of the foundation spring stiffness in Design Step 6.2. This
pile layout was based upon preliminary pile axial capacities, although the
steps are not presented here. The layout is shown on Figure 36.
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Design Step
11.1.1
(continued)

Nine-Span, Two Unit Bridge

Foundation design is controlled by LC1. The following forces are applied at the
bottom of the pile cap and do not include earth pressure, stream fiow
pressure, and buoyancy effects. (R=15)

P, = 3378 kip
M ulong = 360612:kip ft v ulong = ©o4-kip
M Utrans = 12366 kip ft V utrans = 225 kip

For consideration of overturning on the pile group, the minimum axial load
will control. Because the effects of buoyancy reduce the axial load,
buoyancy should be included. To include the buoyancy, subtract the
weight of water displaced by the pile cap, pier column, and overlying soil
for the appropriate depth of water. In this example, the design water
surface elevation at Pier No. 7 does not produce buoyancy effects for design
of the foundation.

The method used here for computing the axial loads to the pile group from
the applied moments is similar to the method used in Design Step 6.2 to
determine the rocking rotational resistance of the pile group. This method
1s a simple static analysis described in a number of foundation engineering
references such as Peck, Hanson, and Thornburn (1974). Each pile is
assumed to take an equal share of the applied vertical load (P/A) and the
vertical load in the pile caused by the applied moment is proportional to
the distance from the center of the resisting group (Mc/I) as shown in
Figure 37. This is the same basic formula for pressure beneath a soil
supported footing subjected simultaneously to direct load and moment. A
basic assumption for this approach is that the pile cap is considered rigid.

a) Compute Pile Axial Loads

The assumed pile layout from Design Step ©.2 is shown in Figure 36.
Calculate the axial forces in the piles for the axial load and moments in each
direction and then superimpose for final pile loads.
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Nine-Span, Two Unit Bridge

Design Step
11.1.1 < . " |
(continued) I_ +
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Figure 36 — Pile Layout Plan
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Design Example No. 5

Nine-Span, Two Unit Bridge

Design Step
11.1.1
(continued)
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Figure 37 — Computation of Pile Loads
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Nine-Span, Two Unit Bridge

Design Step Assume that all of the piles in the group are loaded equally from the axial
11.1.1 force. (The pile cap is assumed rigid.)

(continued)
P, =3378«kip
N p = 44 Number of piles in group
L
P,=—
p
P, =77kp Axial load contribution, per pile

Consider the forces in the longitudinal direction first. Compute the pile loads
from the applied axial load and longitudinal moment.

M uiOHg = 56612'k|p”ﬁ;
Distance to row Number of piles
from group center per row
X, = 15-f£ Nx1 =8
X5 = 10-f¢ Nx2 =8
X 1= 5ft Nyz =4
X4 = Oﬁ NX4 = 4
X5f: —5'{1’/ NX5 = 4
Xg = -10-f¢ Nx@ =5
x7::—15'ﬁ: N7 = 8
7

Xoum = Z <Xi>2 Xoum = 700-f1°
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Py = 175-kip
Pyp = 142-kip
ng = 142‘kip
Fa = 77kip
PX5 = 1 -kip
Pye = 1-kip
P 7= —21+Kp

Number of piles
per row

N_y =7

z1

Design Step
11.1.1
(continued)
M ulong ™
P = | | TP
N
Xsum N xi
o M ulong %o .
72 B I Y
Xgum Nx2
M ulong %3
Pyz = . N Py
sum " x3
Mulong x4\
Px4_ = 'N + PV
Xsum Nx4
M ulong *s
PX5 = _.-F\J—— + PV
Xoum Vx5
M ulong e
R PR A
sum " xo
Mulong*
Py7 = N Py
Xoum Nx7
these to the previously calculated loads.
M Ltrang = 12366-kip ft
Distance to row
from group center
z, = 14t
z, = 10'ft
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Ngo =7

Design Example No. 5
Nine-Span, Two Unit Bridge

Load per pile without transverse moment (negative loads are tension)

Row 1

Row 2

Row 3

Row 4

Row 5

Row ©

Row 7

Now compute the pile loads from the applied transverse moment, and add
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Nine-Span, Two Unit Bridge

Design Step Z, = 6 ft N23 = 4
11.1.1
(continued) 24 =2 ft NZ4 = 4
zg = -2t N,z = 4
26 = -Gft NZ6 = 4
27 = _1Oft NZ7 =
zg = -14-ft Nz& =
o)
2 2
Zoum = Z (Z,-> Zgym = 672t

i=1

Loads from transverse moment only (negative loads are tension)

M utrans Z _
qu = '———N— PZ1 = 57‘klp Row 1
Zgum N z1
M utrans %2 '
P22 = —Z—N PZZ = 20-kip Row 2
sum "~ z2
M trans Z3 ‘
f’25 = :——N—-— Pz5 = 28-kip Row 3
sum ' z3
M utrans'za,\ .
Foa = T F o4 = 9kip Row 4
Zoum Nz4 /

FHWA Seismic Design Course 3-120



Design Step 11 — Design Foundations Design Example No. 5
Nine-Span, Two Unit Bridge

utrans %5
11.1.1 PZ5 = —

Design Step { M
. P 5 = —9-kip Row 5
(continued) \

Zsum N25

M utrans Zg

P P,5="28kp  Row6
Zoum' N2z6

M trans 27 ,
Pz | ————— P,7=-26-kip Row 7

Zgum Nz7

Mutrans Zg ,
Pog = |—— Pog =-37-kip Row &

Zogum' Nzg

Check the outermost corner piles for maximum compression and tension

cases.

Prnax = Fx1 + P2

P max = 212-kip Less than Filg i, - (= 370 kips)
okay

Prin = Px7* Fag

P min = 58 <kip Less than Pilg.y (= - 100 kips)
okay

Resulting axial loads for all other piles in the group may be similarly
calculated. The number of piles subjected to a net tension (uplift) is limited to
one-half of the pile group per Division I-A, Article 6.4.2(B). Calculation of all of
the pile loads results in 10 piles of the 44-pile group having tension for this
load case is shown in Figure 38. (Negative loads are tension.) The design
foundation forces associated with these pile loads were com puted with an
effective R Factor of 1.5.

The computed pile axial forces in Figure 38 show that there is significant
reserve capacity for the ultimate compression limit and some uplift reserve
capacity for the pile arrangement shown. Also, the number of tension piles
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Design Step
11.1.1
(continued)

Nine-Span, Two Unit Bridge
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Figure 38 — Pile Axial Loads for R= 1.5

is less than allowed. Thus, it is possible to rearrange the piles of the group
to take advantage of these limits. Rearrangement could allow the pile grid
to become smaller and reduce the size of the pile cap, and/or reduce the
number of piles. However, if pile spacings are reduced, the pile group
effect will become more significant since the efficiency factor will be
reduced.

If the pile group (arrangement and/or number of piles) is changed
significantly from the group used to determine the spring stiffnesses for
the analysis, the designer may wish to iterate the spring stiffness
calculation with the new pile group, reanalyze the structure, and compare
design forces.
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Design Step
11.1.1
(continued)

Nine-Span, Two Unit Bridge

For this example, the foundation design forces will be re-evaluated before
consideration of any pile rearrangement. The pile forces shown so far for
Design Step 11.1 use an effective R Factor of 1.5. As discussed in the
Introduction to Design Step 7, the forces for design of the foundation should
be determined to prevent inelastic behavior from occurring in the
foundation. In Design Step 10.1.1(c), it was shown that the column is
capable of behaving elastically for the full elastic seismic force
combinations and so could carry full elastic seismic forces to the foundation.

Therefore, for this example, the designer should consider using an R Factor
of 1.0 for the foundation design forces instead of an effective R Factor
equal to half of the R Factor of the column (3/2 = 1.5) as currently
permitted by Division I-A.

It should be noted that for multiple column bents where R = 5, the
difference between the foundation design forces calculated using R/2, and
those obtained by comparing the full elastic seismic forces with the plastic
hinging forces, could be more significant.

The effect of increasing the foundation design forces (to R = 1.0) for the pile
group is checked for this example.

b) Recompute Pile Axial Loads for R = 1.0

The pile axial loads for the group as shown in Figure 36 were recom puted using
the foundation design forces from Design Step 7.3.2, Table 12, which use an R
Factor of 1.0. The resulting pile axial loads are shown in Figure 39. (Negative
loads are tension.)

The number of piles with 2 computed tension load is 15, still less than one-half
of the pile group, though three piles have tension loads in excess of the 100-
kip capacity. If these piles slip (fail in tension), the center of gravity of the
group will shift and the compression force on the piles in the corner opposite
the failed tension piles will increase. Since there is still significant
compression capacity reserve in those piles, the increased compression could
be tolerated without exceeding the compression capacity (this calculation is
not shown here). Therefore, the foundation is able to resist the higher levels
of force associated with R = 1.0 without failure in the pile group.

Use the pile group as shown and continue the foundation design using the
design forces from Table 12 with R = 1.0.
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Design Step
11.1.1
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Figure 39 — Pile Axial Loads w/R = 1.0
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Nine-Span, Two Unit Bridge

Design Step Determine Transverse Pile Forces
11.1.2

The transverse loading on the pile group produces shears and moments in
the piles. A check can be made to see if the piles are likely to yield under
this loading. In this example, influence charts from NAVFAC Design
Manual 7.02 (1986) are used to obtain pile shears and moments from
lateral loading. A pinned pile head is assumed, consistent with the
conditions used for development of the pile lateral spring stiffnesses.

In Caltrans’ Bridge Design Specifications (1995), for piles embedded in
material having a Standard Penetration test resistance value (N) equal to
10 or greater, the piles and footing are assumed to be capable of resisting
all sustained lateral forces.

a) Determine Maximum Pile Shears and Moments

Look at transverse loading on the pile group. All of the piles are assumed to
equally resist the total base shear. The resultant total shear is calculated
from the shears in each direction. As previously discussed, the design forces
are from Table 12 using R = 1.0.

VUIOHQ = 992klp
Viitrans = 958 kip
N b= 44 Total numper of piles

Shear applied per pile in the strong direction

vu!ong .
Plate = ————N Plate = 225¢kip

p

Shear applied per pile in the weak direction

V
Platw =

utrans

i
Np

Platw = 7-7°kip

Determine the pile design shears and moments using the relative stiffness
factor (T), which was calculated in Design Step 6.2 for determination of the
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Nine-Span, Two Unit Bridge

Design Step individual pile lateral translational spring stiffnesses. Use Figures 40 and 41
1L1.2  (from NAVFAC Design Manual 7.02) to determine the shear coefficient F, and
(continued) the moment coefficient Fyy. From Design Step 6.2, the L/T ratios for both
axes of the piles are between 5 and 10.

Tps = B5-in Relative stiffness factor for the strong
direction of the pile (from Step 6.2)
TPW = 44in Relative stiffness factor for the weak

direction of the pile (from Step 6.2)

From Figure 40
Fy =10 Maximum shear coefficient (at Z = 0)
From Figure 41

Fy =-0.77 Maximum moment coefficient (at
approximately Z = 1.25 L/T)

Compute maximum shears in the pile.

Vios = FvPlats

% ps = 22.5+kip Shear for the strong axis

Vow = Fv P latw

4 ow = 7.7-kip Shear for the weak axis
-~ 2 2

1% R = v ps +V pw

Ve = 23.6-kip Resultant pile shear
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Nine-Span, Two Unit Bridge
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Design Step
11.1.2
(continued)

Nine-Span, Two Unit Bridge

Compute maximum moments in the pile.

Mps = FMFlats Tps
M Pé = -955 «kip'in Maximim moment for the strong axis
M

pw F M'Flatw'pr

M ow = -260 «kipin Maximum moment for the weak axis

b) Determine Pile Shear and Moment Capacities

For the HP 12 x 84 section, check the pile capacities using the following

properties and the provisions of Division |, Articies 10.42 1o 10.60 for Load
Factor Design.

Fy = 50 ks Minimum yield strength of pile
d =12.28 in Depth of web

t, = 0685 in Thickness of web

be = 12295 in Width of fiange

te = 0685 in Thickness of flange

A = 24617 Pile cross-sectional area

Check shear capacity per Division |, Article 10.48.8.

D:i=d- th
D =1091-in Clear, unsupported distance between flanges
k=5 Buckling coefficient for unstiffened members
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Design Step
11.1.2
(continued)

Nine-Span, Two Unit Bridge

Determine the constant C.
Determine the constant C

D 6OOO'1ﬂ<
‘Ratio = — Less than Limit .= ———— for C =1.0

t
w
Fy
Ratio = 15.9 Less than Limit := 70.7
Therefore, C = 1.0
v p = 0.58- Fy- D-tw Plastic shear force from Division 1,
Equation (10-114)

V= C'\/p Division |, Equation (10-112)
v, =156-kip Shear capacity of pile. This is

much greater than the resultant
pile shear, Vp = 23.6 kip, computed

previously.
Check flexural capacity per Division |, Article 10.48.1.

For the pile strong direction

3
Z,=120in Plastic section modulus for the strong
direction
Mg = Fy'Z6 Division |, Equation (10-91)

M s = 4520 kip:in Maximum flexural strength for the strong
direction. This is much greater than
Mps = 955 kip*in

For the pile weak direction

ZW = B3.2'in Flastic section modulus for the weak
direction
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Design Ste = F -
glil.l.g Muw = Fy 2w
(continued)

My = 1915 -kipin

using R = 1.0.

FHWA Seismic Design Course

Design Example No. 5
Nine-Span, Two Unit Bridge

Division |, Equation (10-91)

Maximum flexural strength for the weak
direction (This is much greater than

Mpw = 260 kip*in)

There is significant reserve shear and flexural capacity in the pile section,
and yielding of the pile is not likely to occur for the computed levels of force
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Nine-Span, Two Unit Bridge

Design Step Lateral Displacement of Pile Group
11.1.3

An important check for the base shear on the pile group is the amount of
lateral displacement expected from the applied shear and whether this
displacement can be tolerated. Displacements from the multimode
analysis are reported in Design Step 6.3, Table 5. The values for the
foundation level of Pier No. 7 are shown below. The R Factor for
displacements is effectively 1.0 in any case.

Check the displacements for the foundation level at Pier No. 7. (Global X and Z
directions are shown in Design Step 7, Figure 25.)

For the longitudinal earthquake, E“Uong

xlong = 0.0504 ft

Z ong = 0-0097 ¢

For the transverse earthquake, Eqypan,

Xtrans = 0.0053-ft

Zirang = 0.0369-ft

For LC1, perform the combination of orthogonal seismic displacements
X 1= 1.O‘x,on6+ 0.3 X ¢ rans

x = 0038+t x = 0.456+in

z = 1.0'zlong+ 0.5 Zyrans

z = 0.0205-ft z = 0.249¢+in

The net lateral displacement at the foundation level for LC1is

. 2 2
dpey =X T 2

d het = 0.52+in Displacement is small and can be
tolerated without difficulty
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Design Step
11.1.3
(continued)

Design Step
112

Nine-Span, Two Unit Bridge

For LC2, perform the combination of orthogonal seismic displacements.

X = AO.S'xIOng-t- L0 X 4pans

x = D.0162-ft x = 0.19¢-in
Z = O‘g'zlong*' 1'O'Ztran5

z = 0.03986-ft z = 0.475-in

The net lateral displacement at the foundation level for LC2 is

dyer = 0.52¢in Displacement is small and can be
tolerated without difficulty

Criteria for tolerable lateral displacement for seismic design is not
specifically quantified in AASHTO. Division I, Article 4.5.12 says that the
structural engineer shall develop criteria that are “consistent with the
function and type of structure, fixity of bearings, anticipated service life,
and consequences of unacceptable displacements on the structural
performance.”

Division I, Article 4.4.7.2.5 states that “where combined horizontal and
vertical movements are possible, horizontal movements should be limited
to 1 inch or less.”

However, these provisions do not directly address the seismic design
purpose and philosophy as put forward in Division I-A. Tolerable structure
displacements at the foundation level for seismic design should be an
important item of discussion between the structural and geotechnical
engineers.

Design Pile Cap

The design of the pile cap would be the same as for any conventional
reinforced concrete pile cap and is not performed for this example.
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Design Step Design Pile Anchorage
113 [Division I-A, Article 6.4.2(C)]

All piles are to be adequately anchored to the pile cap. For steel piles,
anchoring devices shall be provided to develop all uplift forces but not less
than 10 percent of the allowable pile load. For seismic design, ultimate
capacities of the piles should be used.

Take the design uplift force to be equal to the maximum pile tension load
computed for R = 1.0 forces from Figure 39. For pile anchorage, use
reinforcing bars inclined at 60 degrees through holes in the pile flanges as
shown in Figure 42.

P = 124-kip Design uplift force
fy = 60-ksi Yield strength of reinforcing
¢ =085 Strength reduction factor

Calculate the area of reinforcing steel required per pile.

P
u
A 5 = Steel area for direct tension
£ 0
Yy
Ag = 2.43¢in° Frovide 4 # © bars (two legs each)

inclined at ©0° ( A = 3.05 ir?)

Check the development length of the reinforcing per Division |, Article 8.25.

f . = 4000-psi Concrete compressive strength
Ay = 0.44-irf Area of #6 bar
dy, = 0.75in Diameter of #6 bar
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Nine-Span, Two Unit Bridge

Design Step
11.3
(continued)
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Figure 42 — Pile Anchorage Detail
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Nine-Span, Two Unit Bridge
Design Step Basic development length equation
11.3

(continued) , fy

Ldb = 0.04'Ab'—— Ldb = 167”’1
e

But not less than
Ldb = 0.0004- 4 bf Ldb = 18in Controls

The pile anchorage, as detailed in Figure 42, is sufficient to develop the full-
uplift capacity of the pile.

There are a number of ways to successfully anchor steel piles into a
concrete pile cap. The use of reinforcing bars as anchorage devices is
recommended because the deformed bars provide excellent bond with
concrete. Attachment of the reinforcing bars to the pile may be
accomplished by mechanical means or by welding. From a constructability
view, anchorage devices should provide no interference with handling or
driving of the pile and should be easy to install. The use of reinforcing bars
through holes burned in the pile section is a relatively easy and
inexpensive way to provide good anchorage. The diameter of the hole
should be limited to two times the bar diameter, and the center of the hole
should be located at sufficient distance from the end of the pile. Care
should be taken to tie or wedge the reinforcing bars tightly against the top
of the hole to reduce the possibility of slip between the rebar anchor and
the pile. Holes may be located in either the flanges or the web for an H-
pile section.
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Nine-Span, Two Unit Bridge

DESIGN STEP 12 DESIGN ABUTMENTS
For this example, the abutments are not designed.
DESIGN STEP 13 DESIGN SETTLEMENT SLABS

Not applicable.

DESIGN STEP 14 REVISE STRUCTURE

Not required.
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DESIGN STEP 15

DETAILS
SUMMARY

Nine-Span, Two Unit Bridge

SEISMIC DETAILS

Special details for resistance to seismic forces shown in this example are
limited primarily to connections per requirements of Division I-A for

SPC B. As longitudinal linkage and hold down connections are not
required for SPC B, the important connection details for seismic design are
the following. Details discussed in previous sections are repeated here as a
summary.

Connection of Superstructure to Pier

Connection of the superstructure to an intermediate pier through bearing
anchor bolts is shown in Figure 43.

 Connection of Column to Pile Cap (including Confinement)

Figures 44 and 45 show special transverse reinforcing requirements and
extent for confinement at the column base and connection of the column to
the pile cap.

Connection of Pile to Pile Cap (Pile Anchorage)

One method of steel pile anchorage is shown in Figure 46. An alternate
method of anchorage is detailed in Figure 47. Figure 47 also uses
reinforcing bars as the anchoring devices, but provides the connection of
the reinforcing to the pile by welding. This may be a preferred connection
if there is concern about slippage between the reinforcing and the pile at
holes under a seismic tension load. The designer should keep in mind that
the welded connections of Figure 47 will be performed in the field and will
require preheating for standard AASHTO M31, Grade 60 reinforcing steel.
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DETAILS
SUMMARY — &
(continued)
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Figure 43 — Bearing Details
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DETAILS .
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DETAILS
SUMMARY
(continued)
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Figure 45 — Column Reinforcement Details
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Nine-Span, Two Unit Bridge
DETAILS
SUMMARY
(continued)
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Nine-Span, Two Unit Bridge

DETAILS
SUMMARY
(continued)
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Design Example No. 5
Nine-Span, Two Unit Bridge

SECTION IV CLOSING STATEMENTS

SEISMIC In preliminary seismic design, fundamental periods were calculated for

DESIGN comparison with multimode results, and column shear forces were
computed. Although not discussed for this example, the preliminary
seismic forces were used to determine foundation sizes for modeling and
dynamic analysis.

Modeling of the structure for multimode analysis required some special
attention to connection details between the superstructure and the piers
owing to the multiple unit behavior and use of different bearing conditions.
Because of the massive pier elements and stiffness of the foundations, the
number of modes required to obtain sufficient participating mass for the
multimode spectral analysis was more than specified in Division I-A.

The determination of “seismic design forces specified for bridges classified
as SPC B (is) intended to be relatively simple but consistent with the
overall design concepts and methodology,” according to the Commentary of
AASHTO Division I-A. However, it was shown in this example that there
1s the potential for calculating seismic design forces that are consistent
with the provisions of Division I-A but result in potential foundation
understrength and column shear understrength. Provisions of Division I-A
for SPC B allow the designer to determine final seismic design forces
without evaluating whether the structure will remain elastic or will form
plastic hinges during the design shaking. The application of the Response
Modification Factor (R) becomes an important consideration because any
reduction in design forces must be consistent with the structure’s ability to

develop plastic mechanisms. This is not clearly defined in Division I-A for
SPC B.

Pier or column strength capacities should be investigated to determine the
forces that are capable of being transferred to the foundation. In this
example, it was shown that the pier columns were likely to transmit full
elastic seismic forces to the foundation. Therefore, an R Factor of 1.0 was
used for the final foundation design forces, versus an R of 1.5 permitted by
Division I-A. This avoids the possibility of inelastic behavior occurring in
the foundation where it may be impossible to detect. Due to their large
size and shear capacity, the pier columns were not critical for design shear
forces even when they were computed with an R Factor of 1.0, versus R
equal to 3.0 as allowed for SPC B.

FHWA Seismic Design Course 4-1



Design Example No. 5
Nine-Span, Two Unit Bridge

SEISMIC In this example, design of more than one pier foundation and design of the

DESIGN abutments were not addressed. The level of seismic design forces are
(continued) different for each of the piers, especially for Pier Nos. 5 and 8 with sliding
bearings and Pier No. 4 with expansion bearings. Foundations for these
piers would be significantly smaller than for Pier No. 7 as designed in the
example. It would be prudent to adjust foundation spring stiffnesses for
the final multimode analysis to account for the actual differences in the
expected sizes of the foundations based upon forces from either preliminary
design or a first round multimode analysis.
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Appendix A — Geotechnical Data

APPENDIX A

SUBSURFACE
CONDITIONS

SOIL
PROPERTIES

SOIL PROFILE
TYPE

SITE
ACCELERATION

FOUNDATION
DESIGN

Design Example No. §
Nine-Span, Two Unit Bridge

GEOTECHNICAL DATA

Subsurface conditions were derived from seven borings drilled along the
bridge alignment. As shown in Figure A1, the subsurface conditions
consist of coarse alluvial flood deposits overlying volcaniclastic sediments
(tuff). The tuff increases in strength with depth. The water table, which is
controlled by the river, is located at or near the ground surface.

Soil properties for the subsurface materials are shown on Figure Al. These
properties were estimated from empirical correlations to the standard

penetration test resistance values in the borings. Laboratory tests may
provide more detailed design values.

Type I — Stable deposits of sands and gravels where the soil depth is less
than 200 feet.

0.15g — Taken from AASHTO seismicity map.

HP 12 x 84 — Pile foundations chosen for design.

Axial capacity based on U.S. Army Corps of Engineers (1991).
Tension

Critical depth = 30 feet (assumed for very dense sand and gravel)

Where:

QT uit ultimate tension capacity of single pile (kips)

K coefficient of lateral earth pressure
(assumed as 0.65 for tension)

Oy avg average effective vertical stress over the length of the pile;
effective stress increases linearly to the critical depth of 30 feet
and is constant below this depth (ksf)

8 average of the angle of friction between soil and steel pile

(0.750) and soil (¢) = 0.875¢

FHWA Seismic Design Course A-1



Appendix A — Geotechnical Data Design Example No. 5
Nine-Span, Two Unit Bridge

FOUNDATION p perimeter block around pile (4.1 feet)
DESIGN
(continued) L  length of embedment of pile below ground surface (feet)

Qryut = 0.65(30' x 0.0676kef x 1/2) (tan 0.875 x 42) (4.1')(30")
' + 0.65 (30' x 0.0676kcf)(tan 0.875 x 42)(4.1')(10")
= 100 kips

Compression

Qcult =Atq + KcOv avg (tan §) pL

Where:
Qe ult ultimate compression capacity of single pile (kips)
K. coefficient of lateral earth pressure
(assumed as 1.0 for compression)
q tip resistance (ksf)
=0, Ny, where N, = 105 for ¢ = 42°
A, area of tip of pile; for H-piles use block area of 1 ft2

Qcut = (1 £t2)30' x 0.0676kef)(105)
+(1.0)(30' x 0.0676kef x 1/2)(tan 0.875 x 42)(4.1')(30")
+(1.0) (30' x 0.676kcf)(tan 0.875 x 42)(4.1')(10")
=370 kips

Lateral Resistance

Pile stiffness values may be computed from simplified procedures
(NAVFAC Design Manual 7.02, 1986) as indicated in Design Step 6, or
from computer programs, such as COM624 or LPILEP!uS (Reese and Wang,
1993), that are widely used by various Departments of Transportation and
design consultants.

The base friction acting on the pier and any lateral spring derived from the
base contact area should be neglected because of the possibility of loss of
intimate contact between the base of the pile cap and the underlying soils
due to settlement or scour.

FHWA Seismic Design Course A-2



Appendix A — Geotechnical Data Design Example No. 5

OTHER
CONCERNS

FHWA Seismic Design Course

Nine-Span, Two Unit Bridge

A detailed scour analysis should be completed to determine the depth of the
pile cap and the need for protection.

Liquefaction is not likely to occur at this site because of the presence of

very dense soil deposits. Similarly, the abutment slopes should be stable
during earthquake shaking because of the presence of these deposits.

A3



Appendix A — Geotechnical Data Design Example No. 5
Nine-Span, Two Unit Bridge
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SOIL PROPERTIES
Depth Soil N v o c ny
Stratum (ft) Description (bpf) (pch) (deg) (pchH) (tef)
Alluvium 0to 50 Very dense, sand, 75 130 42 0 50
gravel, and cobbles
Volcaniclastic > 50 Very dense/hard silt 50 110 30 500 ———
sediments (very soft tuff)
Where:
N  standard penetration resistance (blows per foot)
Y total unit weight (pounds per cubic foot)
) internal angle of friction (degrees)
c cohesion (pounds per square foot)
n, constant of horizontal subgrade reaction (tons per cubic foot)

Figure Al — Subsurface Conditions

FHWA Seismic Design Course
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Appendix B — SAP90 V6.0 Beta Input Design Example No. 5
Nine-Span, Two Unit Bridge

FHWA BRIDGE NO 5 / SAPS0 (BETA VERSION) INPUT FILE

SYSTEM

PAGE=LINES LINES=67 LENGTH=FT FORCE=KIP

COORDINATE
NAME=ABUTA X=0 Y=0 2Z=0
X=0 Y=0 2z=1
X=1 Y=0 2z=1
NAME=PIER1 X=0 Y=0 2=0
X=0 Y=0 2=1
X=1 Y=0 2z=1
NAME=PIER2 X=0 Y=0 2Z=0
X=0 Y=0 2Z=1
X=1 Y=0 2=1
NAME=PIER3 X=0 Y=0 2=0
X=0 Y=0 2Z=1
X=1 Y=0 2=1
NAME=PIER4 X=620.000 Y=0 2Z=0
X=620.000 Y=0 2=1300
X=621.000 ¥Y=0 2=1300
NAME=PIERS5 X=792.490 Y=0 2=11.494
X=620.000 Y=0 2=1300
X=621.000 Y=0 Z=1300
NAME=PIER6 X=961.92S9 Y=0 2=45.773
X=620.000 ¥Y=0 2=1300
X=621.000 ¥Y=0 2=1300
NAME=PIER7 X=1125.323 Y=0 2=102.232
= 620.000 Y=0 2=1300
X= 621.000 Y=0 2=1300
NAME=PIER8 X=1279.780 Y=0 Z=179.870
= 620.000 Y=0 2Z=1300
= 621.000 Y=0 2=1300
NAME=ABUTB X=1422.570 Y=0 2=277.317
X= 620.000 Y=0 2=1300
X= 621.000 Y=0 Z=1300
NAME=EQX X=0 Y=0 Z=0
X=1422.570 Y=0 2=277.317
X=1 Y=0 2Z=-1
JOINT
701 = 0.000 = 0.0 Zz= 0.000 ; L= 105
702 = 26.250 = 0.0 2= 0.000
703 X= 52.500 = 0.0 2= 0.000
704 = 78.750 Y= 0.0 z= 0.000
711 = 105.000 = 0.0 Z= 0.000 ; L= 185
712 = 151.250 Y= 0.0 z= 0.000

FHWA Seismic Design Course B-1



Appendix B — SAP90 V6.0 Beta Input

713
714
721
722
723
724
731
732
733
734
741A
741
741B
742
743
744
751
752
753
754
761
762
763
764
771
772
773
774
781
782
783
784
791

611
511
411
311
211

621
521
421
321
221

631
531
431
331
231

641
541
441
341
241

FHWA Seismic Design Course

= 450

= 620

= 197.

243.
290
330
370
410
450
492.
535.
577.
620.
620
620
663
706
749
792.
835.
877.
920
961
1003
1044

1085.
1125.

1164
1203

1242.
127s.
1316.
1352.

1388

1422.

105.
105.
105.
105.
105.

290
290.
290.
290.
290

450
450
450

620.
620
620.
620.

500
750

.000
.000
.000
.000
.000

500
000
500
000

.000
.000
.242
.436
.535

490
254
780

.021
.929

.460
.566
202
323
.884
.843
156
780
674
797
.109
570

000
000
000
000
000

.000

000
000
000

.000

.000
.000
.000
.000
= 450.

000

.000

000

.000

000
000

leReReoNoNoNoNoNoRoNoNoNoNoNoNoNoNoNoNoRoRNoNoNoNoloNo ool NoRo oo

leNoReoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoloRelolooNeNojoN o)

.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.7
.8
.4

Il
[l SNeNoNoNoNoNoNeNoReoNoloNoNo ol

= 202.

z= 226
z= 251
z= 277

' '

~ wn

@ @
nooo nooo

|

~J

[e 0]
nnooo

00
00
00
00
00
00
00
00
00
o0
00
00
00
13
77
70

.494
.945
.814
.094
.773
.841
. 284

086

.232
.703
.481
.544
.870
437
.217
.187
.317

Ne Ne Ne N Ne %e e Ne N6 Na Ne NE e Ne Ne Mo Se Na o Ne o Ne

H
i

ALFA

ALFA
ALFA
ALFA
ALFA
ALFA
ALFA
ALFA
ALFA
ALFA
ALFA
ALFA
ALFA
ALFA
ALFA
ALFA
ALFA
ALFA
ALFA
ALFA
ALFA

[oNeoNeNeoNe] [oNeoNoNoNeo] [eNoNoNoNe

[eNoRNoNeNe)

160

Design Example No. 5
Nine-Span, Two Unit Bridge

170 ALFA = 0.133077 Radians

o

1 | | O | 1 O | 1 R

[eNoNoNoNoNoNoNoNoNoNoNoNeoNoloNoNoNoNoNoj

.000
.000
.000
.000
.000

.000
.000
.000
.000
.000

.000
.000
.000
.000
.000

.000
.000
.000
.000
.000

.00000

.03327
.06654
.09981
.13308
.16635
.19962
.23288
.26615
.29942
.33269
.36596
.39923
.43250
.46577
.49904
.53231
.56558
.59885
.63212
.66538

Radians X = 620+1300*sin(ALFA)

Radians Y= 1300-1300*cos(ALFA)
Radians
Radians
Radians
Radians
Radians
Radians
Radians
Radians
Radians
Radians
Radians
Radians
Radians
Radians
Radians
Radians
Radians
Radians
Radians

B-2



Appendix B — SAP90 V6.0 Beta Input Design Example No. §
\ Nine-Span, Two Unit Bridge

651 X= 792.490 Y= -6.5 Z= 11.494
551 = 792.490 = -15.0 = 11.494
451 = 782.490 = -25.0 = 11.494
351 = 792.490 = . -78.0 = 11.494
251 X= 792.490 Y= -84.5 2= 11.494
661 X= 961.929 Y= -6.5 Z2= 45.773
561 = 961.929 = -15.0 = 45.773
461 = 961.929 = -25.0 = 45.773
361 = 961.929 = -78.0 = 45.773
261 X= 961.929 Y= -84.5 2= 45.773
671 X= 1125.323 Y= -6.5 Z= 102.232
571 = 1125.323 Y= -15.0 = 102.232
471 = 1125.323 Y= -25.0 = 102.232
371 = 1125.323 Y= -58.0 = 102.232
271 X= 1125.323 Y= -64.5 Z= 102.232
681 X= 1279.780 Y= -6.5 z= 179.870
581 = 1279.780 Y= -15.0 = 179.870
481 = 1279.780 Y= -25.0 = 179.870
381 = 1279.780 Y= -58.0 = 179.870
281 X= 1279.780 Y= -64.5 2= 17%.870
LOCAL

ADD=701 CSYS=ABUTA
ADD=211 CSYS=PIER1
ADD=221 CSYS=PIER2
ADD=231 CSYS=PIER3
ADD=241 CSYS=PIER4
ADD=251 CSYS=PIERS
ADD=261 CSYS=PIER6
ADD=271 CSYS=PIER7
ADD=281 CSYS=PIERS8
ADD=791 CSYS=ABUTB

Abutment is restrained in Vertical and for Rotational Stiffness around the
longltudlnal axis of the bridge.

RESTRAINT
ADD=701 DOF=U2,R1
ADD=791 DOF=U2,R1

CONSTRAINTS
NAME=EXP TYPE=EQUAL DOF=UY,UZ,RX
ADD=741
ADD=741A
"ADD=741B

; Abutment is released for longitudinal movement (Ul), rotation around vertical axis

; (R2) and rotation around transverse axis (R3). Stiffness in the transverse
; direction is: U3 = 4.663 k/ft

FHWA Seismic Design Course B3



Appendix B — SAP90 V6.0 Beta Input

SPRING
CSYS=ABUTA
ADD=701 U1=0
CSYS=PIER1
ADD=211 Ul=2.
CSYS=PIER2
ADD=221 Ul=2.
CSYS=PIER3
ADD=231 Ul=2.
CSYS=PIER4
ADD=241 Ul=2.
CSYS=PIERS
ADD=251 Ul=2.
CSYS=PIER®
ADD=261 Ul=2.
CSYS=PIER7
ADD=271 Ul=2.
CSYS=PIERS8
ADD=281 Ul=2.
CSYS=ABUTB
ADD=791 U1l=0

67E4
67E4
67E4
67E4
67E4
67E4
67E4

67E4

MATERIAL

NAME=SUPER TYPE=ISO M=0
OVERLAY, BARRIERS & ETC
E=519000 U=0.18

NAME=SUB TYPE=ISO
E=519000 U=0.18

NAME=RIGID TYPE=ISO
E=519000 U=0.18

PR
o uwi
OO oo O

SECTION

NAME=SUPER MAT=SUPER A=60.3S% I=518,9003 J=5.8
NAME=M6 MAT=RIGID SH=R T=625.,4000.
SH=R T=6.25,40.0
SH=R T=6.25,20.0
SH=R T=25.0,25.0

NAME=M5 MAT=SUB
NAME=M3 MAT=SUB
NAME=M2 MAT=SUB

FRAME
CsyYs=0

7.85E5
7.85E5
7.85ES
7.85E5
7 .85E5
7 .85E5
7 .8B5E5

7 .85E5

701
702
703
704
711
712
713
714
721
722
723
724
731
732
733

J=701,702
J=702,703
J=703,704
J=704,711
J=711,712
J=712,713
J=713,714
J=714,721
J=721,722
J=722,723
J=723,724
J=724,731
J=731,732
J=732,733
J=733,734

SEC=SUPER
SEC=SUPER
SEC=SUPER
SEC=SUPER
SEC=SUPER
SEC=SUPER
SEC=SUPER
SEC=SUPER
SEC=SUPER
SEC=SUPER
SEC=SUPER
SEC=SUPER
SEC=SUPER
SEC=SUPER
SEC=SUPER

FHWA Seismic Design Course

.152/32.2

.0E-06

.150/32.2 Ww=0.150

.0E-06
W=0 IDES=C
.0E-06

PLANE13=+2
PLANE13=+2
PLANE13=+2
PLANE13=+2
PLANE13=+2
PLANE13=+2
PLANE13=+2
PLANE13=+2Z
PLANE13=+2Z
PLANE13=+Z
PLANE13=+2
PLANE13=+Z
PLANE13=+2
PLANE13=+2
PLANE13=+2

.66E3
.71B4
.71E4
.71E4
.71B4
.71E4
.71E4
.71E4
.71E4

.66E3

wW=0.152

.96E7
.96E7
.96E7
.96E7
.96E7
.96E7
.96E7

.96E7

IDES=C

IDES=C

Design Example No. 5

Nine-Span, Two Unit Bridge

.80E6
.80E6
R2=4 .80E6
.80E6
.80E6
.80E6
.80E6

.80E6

; INCLUDES

.63E7
.63E7
.63E7
.63E7
.63E7
.63E7
.63E7

.63E7

WEIGHT OF X-FRAMES,



Appendix B — SAP90 V6.0 Beta Input Design Example No. 5

Nine-Span, Two Unit Bridge

734 J=734,741A SEC=SUPER PLANE13=+2Z
741 J=741B,742 SEC=SUPER PLANE1l3=+2
742 J=742,743 SEC=SUPER PLANE13=+2
743 J=743,744 SEC=SUPER PLANE13=+2
744 J=744,751 SEC=SUPER PLANE1l3=+2
751 J=751,752 SEC=SUPER PLANE13=+2Z
752 J=752,753 SEC=SUPER PLANE13=+2
753 J=753,754 SEC=SUPER PLANE13=+2
754 J=754,761 SEC=SUPER PLANE13=+2
761 J=761,762 SEC=SUPER PLANE13=+2Z
762 J=762,763 SEC=SUPER PLANE13=+2
763 J=763,764 SEC=SUPER PLANE13=+2
764 J=764,771 SEC=SUPER PLANE13=+2
771 J=771,772 SEC=SUPER PLANE13=+2
772 J=772,773 SEC=SUPER PLANE13=+2Z
773 J=773,774 SEC=SUPER PLANE13=+Z
774 J=774,781 SEC=SUPER PLANE13=+2
781 J=781,782 SEC=SUPER PLANE13=+2
782 J=782,783 SEC=SUPER PLANE13=+2
783 J=783,784 SEC=SUPER PLANE13=+2Z
784 J=784,791 SEC=SUPER PLANE13=+Z

211 J=211,311 SEC=M2 PLANE13=+2
311 J=311,411 SEC=M3 PLANE13=+Z
411 J=411,511 SEC=M3,M5 EIVAR=1,3 PLANE13=+2

511 J=511,611 SEC=M5S PLANE13=+2
GEN=211,241,10 IINC=10 JINC=10
GEN=311,341,10 IINC=10 JINC=10
GEN=411,441,10 IINC=10 JINC=10
GEN=511,541,10 IINC=10 JINC=10
611 J=611,711 SEC=M6 IREL=R3 PLANE13=+2
621 J=621,721 SEC=M6 IREL=R3 PLANE13=+2
631 J=631,731 SEC=M6 IREL=R3 PLANE13=+2
641 J=641,741 SEC=M6 PLANE13=+2
CSYS=PIERS
251 J=251,351 SEC=M2 PLANE13=+2
351 J=351,451 SEC=M3 PLANE13=+2

451 J=451,551 SEC=M3,M5 EIVAR=1,3 PLANE13=+Z

551 J=551,651 SEC=M5 PLANE13=+2

651 J=651,751 SEC=M6 IREL=U2,R3 PLANE13=+2
CSYS=PIER®6

261 J=261,361 SEC=M2 PLANE13=+2

361 J=361,461 SEC=M3 PLANE13=+2

461 J=461,561 SEC=M3,M5 EIVAR=1,3 PLANE13=+2

561 J=561,661 SEC=MS5 PLANE13=+2

661 J=661,761 SEC=M6 IREL=R3 PLANE13=+2
CSYS=PIER7

271 J=271,371 SEC=M2 PLANE13=+2

371 J=371,471 SEC=M3 PLANE13=+2

471 J=471,571 SEC=M3,M5 EIVAR=1,3 PLANE1l3=+Z

571 J=571,671 SEC=M5 PLANE13=+2
671 J=671,771 SEC=M6 IREL=R3 PLANE13=+2
FHWA Seismic Design Course % U.S. GOVERNMENT PRINTING OFFICE : 1996 0 - 422-094 (QL 2) B-5



Appendix B — SAP90 V6.0 Beta Input Design Example No. §
Nine-Span, Two Unit Bridge

CSYS=PIERS8
281 J=281, 381 SEC=M2 PLANE13=+2
381 J=381,481 SEC=M3 PLANE13=+2Z
481 J=481,581 SEC=M3,M5 EIVAR=1,3 PLANE1l3=+Z
581 J=581,681 SEC=M5 PLANE13=+2Z

681 J=681,781 SEC=M6 IREL=U2,R3 PLANE13=+Z

LOAD
CsYs=0
NAME=DL
TYPE=GRAVITY ELEM=FRAME
ADD=* UY=-1

NAME=TL
TYPE=TEMPERATURE ELEM=FRAME
ADD=701,704,1,781,10 T=10
MODES

TYPE=EIGEN N=36 ; 9 SPANS AND 4 MODES PER SPAN

FUNCTION

NAME=S1 NPL=1
.0 .50
.333

W WNONNRPRFRFRPRERERPRPOOOOOOOO

10.
100.

QO OWUNOUNMNOOOSBNOIWM-IO U
CODOOOOOOORKKHRERERERENNN
o
[e2}

SPEC

CSYS=EQK

NAME=EQLONG MODC=CQC DAMP=0.05
ACC=Z FUNC=S1 SF=32.2*0.15*1.0

NAME=EQTRAN MODC=CQC DAMP=0.05
ACC=X FUNC=S1 SF=32.2%0.15*1.0
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