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PLEASE NOTE

Data, specifications, suggested practices, and drawings presented herein
are based on the best available information, are delineated in accord with
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
specification. BERGER/ABAM and the United States Government assume
no liability for its contents or use thereof.
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Ten-Span Bridge with Open Pile Bents

PURPOSE This is the seventh 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- I
EXAMPLE EXAMPLE SEISMIC PLAN STRUCTURE PIER JABUT: OUNDATION CONNECTIONS
NO. DESCRIPTION _ICATEGORY|JGEOMETRY] 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 Elastormeric
Square Concrete Seat Footings Bearing Pads
Girders (Closed-In)
Monolithic at Col. Tops
4 Three-Span SPC-C Tangent | CIP Concrete | Two-Column Seat Spread Pinned Column at Base
Continuous Skewed Integral Footings Expansion Bearings
Bent at Abutinents
Nine-Span Viaduet
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. H_e_lghfs) PTFE Shd;ng Bem'
Sharply- Drilled Shaft
6 Three-Span SPC-C Curved | CIP Concrete | Single Column | Monolithic at Piers, Monolithic Concrete Joints|
Continuous Square Box Steel Piles
at Abutments
AASHTO
7 12-Span Viaduct SPC-B Tangent Precast Pile Bents Seat Concrete Piles Pinned and
with (3) Four-Span Square Concrete (Battered and and Expansion Bearings
Structures Girders Plurmb) 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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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,
is used for all primary calculations. The material in the architectural font
is the essential calculation material and essential results.

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

e

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

The Seismic Performance Category (SPC) is C. This ik take
the Specification

The SPC is a function of the Acceleration Coefficient an

Architectural Font

FHWA Seismic Design Course 13
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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, 1, and g
T:=2n { W
gk

Note “: ="
Resutt 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 ;).

FHWA Seismic Design Course 1-4
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SECTION 11

INTRODUCTION

GENERAL

Design Example No. 7
Ten-Span Bridge with Open Pile Bents

OVERVIEW OF EXAMPLE NO. 7

Introduction and Summary of Preliminary Design of Open Bent
Pile-Supported Substructure — The bridge in Example No. 7 consists of
a multispan concrete superstructure, with an open pile bent substructure.
The bridge has a total of ten spans, consisting of three continuous span
bridges, arranged in a 3-4-3 span series. The example will focus on the
middle four-span structure, referred to as “Unit 2.”

Figure 1 shows the layout for “Bridge Option No. 1.” As will be shown in
Design Step 3, this pile layout results in unacceptably large axial loads in
the batter piles under seismic loading. The remainder of the example,
rather than focusing on the final analysis procedures or the detailed design
of the various elements, will investigate the impact of using different pile
layouts. Both plumb and batter piles are considered.

A total of six different options are investigated, three using concrete piles
(Design Steps 3 to 5) and three using steel piles (Design Steps 6 to 9). See
Figure 1 for a summary sketch of each option. Each layout is assigned a
unique option number. For each option, the seismic analysis is done using
hand calculations once the basic formulas for stiffness are developed. The
goal is to demonstrate how various options can be quickly evaluated
without using a computer.

The emphasis of this example is the preliminary seismic analysis of the
pile-supported substructure. A “roadmap” of the example is presented
below with a brief description of what is included. The reader is
encouraged to refer to this roadmap frequently when reading the example.

Design Step 1 — Bridge Layout

These figures can be referred to throughout the example for general
information on the bridge, except for the pile layout. The particular pile
layout for each bridge option is given later, as the example progresses.
This design step also contains general information on site data, basic unit
weights, and soil capacities for different pile options.

FHWA Seismic Design Course 21
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GENERAL
(continued)

CONCRETE PILE OPTIONS DESIGN STEP

#1

o TTTTC e
SR I I

e b K o Fo

STEEL PILE OPTIONS DESIGN STEP
e gl gl e
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ye g
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Figure 1 — Summary of Pile Layout Options
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OPTIONS
USING
CONCRETE
PILES

OPTIONS
USING STEEL
PILES

Design Example No. 7
Ten-Span Bridge with Open Pile Bents

Design Step 2 — Horizontal Stiffness of a Concrete Pile

The horizontal stiffness of a single concrete pile is developed for different
batters. Both the axial and flexural contributions to the horizontal
stiffness of a concrete pile are addressed. These data will be used in Design
Steps 3, 4, and 5 for the design of concrete piles.

Design Step 3 — Bridge Option No. 1 (Concrete Piles)
This option, common in existing bridges of this type, has only one bent

(Bent 5) pinned to resist longitudinal movement. Bent 5 consists of three
plumb and four 2:12 concrete batter piles.

Design Step 4 — Bridge Option No. 2 (Concrete Piles)

This option has three bents (Bents 4, 5, and 6) pinned to resist longitudinal
movement. All the bents consist of concrete plumb piles.

Design Step 5 — Bridge Option No. 3 (Concrete Piles)
This option also has three bents (Bents 4, 5, and 6) pinned to resist

longitudinal movement. But, each of these bents consists of three plumb
and four 2:12 concrete batter piles.

Design Step 6 — Horizontal Stiffness of a Steel Pile

The horizontal stiffness of a single steel pile is developed for different
batters. Both the axial and flexural contributions to the horizontal
stiffness of a steel pile are addressed. Data will be used in Design Steps 7,
8, and 9, which use steel piles.

Design Step 7 — Bridge Option No. 4 (Steel Piles)

This option has only one bent (Bent 5) pinned to resist longitudinal
movement. Bent 5 consists of three plumb and four 2:12 steel batter piles.

Design Step 8 — Bridge Option No. 5 (Steel Piles)

This option has three bents (Bents 4, 5 and 6) pinned to resist longitudinal
movement. All the bents consist of steel plumb piles.

FHWA Seismic Design Course 23
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OPTIONS
USING STEEL
PILES
(continued)

SUMMARY

Design Example No. 7
Ten-Span Bridge with Open Pile Bents

Design Step 9— Bridge Option No. 6 (Steel Piles)

This option also has three bents (Bents 4, 5, and 6) pinned to resist
longitudinal movement. But, each of these bents consists of three plumb
and four 2:12 steel batter piles.

Design Step 10

This step summarizes the results of the design example.

FHWA Seismic Design Course 24
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Design Step 1 — Preliminary Design Design Example No. 7

SECTION III

DATA

REQUIRED

FEATURES

Ten-Span Bridge with Open Pile Bents

ANALYSIS AND DESIGN

The configuration of the bridge consists of a multispan superstructure
using AASHTO girders and a CIP deck. The substructure consists of open
pile bents. Expansion joints are provided at both ends of each continuous
structure. Refer to Figure 1 for details of the configuration.

The bridge is underlain by a deep deposit (>200 feet) of cohesionless soils.
The groundwater table is at the ground surface.

The alignment of the roadway on the bridge is straight and there is no
vertical curve or skew.

The bridge is to be built in a seismic zone with

Acceleration Coefficient, A = 0.10g
Importance Classification, IC = II
Seismic Performance Category, SPC = B
Site Coefficient, S = 1.2

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 IN THIS EXAMPLE

Preliminary Analysis Using Hand Calculations
Open Pile Bent Concepts

Plumb Versus Batter Piles

Concrete and Steel Piles

Design Step 1 — Bridge Layout
Design Step 1.1 — Layout for Bridge Option No. 1

See Figure 1 (a to f).

FHWA Seismic Design Course 3-1
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Ten-Span Bridge with Open Pile Bents
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Ten-Span Bridge with Open Pile Bents

Design Step 1 —Preliminary Design
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Figure 2c — Bridge No. 7 - Framing Plan
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Ten-Span Bridge with Open Pile Bents

BRIDGE DATA
(continued)
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Figure 2d — Bridge No. 7 - Section at Bent with Pinned Bearings
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BRIDGE DATA
(continued)
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Figure 2e — Bridge No. 7 - Sections at Bents with Sliding Bearings

FHWA Seismic Design Course 3-6



Design Step 1 — Preliminary Design Design Example No. 7
Ten-Span Bridge with Open Pile Bents

BRIDGE DATA
(continued)
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Figure 2f — Bridge No. 7 - Pile Plan at Bents
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DESIGN STEP 1

Design Step 1.2

Design Step
1.2.1

Design Step
1.2.2

Design Step

1.2.3

Design Step
1.24

Design Step
1.25

Design Step
1.2.6

Ten-Span Bridge with Open Pile Bents

PRELIMINARY DESIGN

Basic Requirements

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

The bridge consists of 10 spans, each approximately 72 feet in length, and the
bridge is made of reinforced concrete. Thus, the Specification applies.

Acceleration Coefficient
[Division I-A, Article 3.2]

The bridge is sited in an area where the Acceleration Coefficient A is 0.10g.

Importance Classification
[Division I-A, Article 3.3]

The Importance Classification (IC) of this bridge is taken to be ll, because it is
assumed not to be essential for use following an earthquake.

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

The Seismic Performance Category (SPC) is B; a5 taken from Table 1 of the
Specification.

Site Effects
[Division I-A, Article 3.5]

The site conditions affect the design through a coefficient based on the soil
profile. In this case, SOIL PROFILE TYPE II corresponds to the deep
cohesionless soils that are under the site.

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

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

Because 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.

FHWA Seismic Design Course 3-8
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Design Step
1.2.6
(continued)

Design Step
1.3

Ten-Span Bridge with Open Pile Bents

In this case, Table 3 of the Specification gives the following R Factors.
For Reinforced Concrete File Bents

R=3 For vertical piles only
R=2 For one or more batter piles

For Steel Pile Bents

5 For vertical piles only
=3 For one or more batter piles

AASHTO Division I-A, Article 6.2.2, under the heading “Exceptions”, states
that the “R” factor is not to be reduced for design forces for foundations. In
this example, no “R” factor was used to reduce the seismic axial forces in the
batter piles. See Design Step 3.1.9 for a related discussion.

Basic Unit Dead Loads of Bridge

The dead load of the superstructure consists of seven precast concrete
AASHTO beams, a CIP concrete deck, four transverse intermediate
diaphragms and a traffic barrier on each side of the bridge. See Figure 2
(a to f) for the details.

Calculate the unit weight along the length of the bridge using a typical span
length of 72 feet.

The following assumptions are used in the weight calculations.

Y = 180 pcf Unit weight of the concrete
L gpan = 720°F¢ Span length of bridge from centerline
P of bent to centerline of bent
b super = 43.865 ft Overall width of bridge superstructure
tgigp = &in Average thickness of top slab, including
girder pad
’A‘g = BGO-irf Area of each girder
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Design Step 1 — Preliminary Design Design Example No. 7
Ten-Span Bridge with Open Pile Bents

Design Step The weight of each AASHTO Type 3 girder is
1.3

(continued)

. . ) ki
9=\ "Ng 2] Ve w =o.5&5-€p

144+ in 9

Therefore, the weight of all seven girders in each span of the bridge is

W, = 7w L W, = 294.0-kip

For the weight of the deck slab, assume an average thickness of 8 inches,
including girder pads.

L span = 72.0-f¢

b super = 43.6°ft

t slab =8.0+in

We = LopanPsuper Pslab'¥ ¢ Wg = 315.6-kip

For the weight of two traffic barriers, assume 0.40 kip per foot each.

kip .
Wb =2 (0.589'—5)'(72.0'1‘1:) Wb = 56.0-kip

For the weight of four diaphragms, assume each to be 12 inches wide and full
depth.

W, = 4 (B4f0) (B75f) (10°F) Y, W, = 765+kip
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Design Step 1 — Preliminary Design Design Example No. 7
Ten-Span Bridge with Open Pile Bents

Design Step Therefore, the total weight of one typical span of the bridge superstructure is
1.3

(continued) Wepan =W+ Ws + Wb + Wd

g
Wg = 294.0+kip Weight of AASHTO girders
W, = 315.6kip Weight of deck slab
Wy, = 56.0kip Weight of traffic barriers
W 4 = 765¢kip Weight of all diaphragms

Therefore, the total weight of one span is W = 744.1+kip

span

The unit weight along the length of the superstructure is

L opan = 720
Wspan 03 kip
Wouper =T Wsuper = V-0
P Lspan P fr

The reaction at each end of a typical 72-foot span is

Wapan

Pbrg = —2— Pbr.@ =371 kip
The weight of one bent cap is

Y, = 015 kef

Wcap = 40&45&42&70 Wcap = 115'4.kip
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Design Step 1 — Preliminary Design Design Example No. 7
Ten-Span Bridge with Open Pile Bents

Design Step The weight of one 2-foot-square concrete pile is
1.3

(continued) =22 Aoy,

WPHC Wp“@ = 0.60 kif

The weight of a 10-foot length of pile (5-foot clear length to mudline plus first
5 feet of pile in the soil), which is an estimate of the pile seismic mass.

Wpile = wpnc'10'ft Wpile = ©.0-kip

A summary of the weights of the bridge components is

Wspan = 7421 kip Weight of one span of the superstructure
Wcap = 113.4 <kip Weight of one bent cap beam

W pile = ©.0-kip Weight of one 10-foot length of concrete pile

Calculate the total dead load on each of the bent piles. Assume that each of
the seven piles carries the same load.

The tributary dead load at each pile bent system is

Ppent = ngan t Wcap +7W Phent = 697.5 kip

pile

. Phent ‘
PDL = - PDL = 125'klp

It should be noted that for battered piles, the actual axial dead load in the
pile should be divided by the cosine of the angle of the batter pile. This
refinement is small and has not been included in this design example.
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Design Step 1 — Preliminary Design Design Example No. 7

Design Step
14

Design Step
1.5

Design Step
1.5.1

Design Step
1.5.2

Ten-Span Bridge with Open Pile Bents

Analysis Procedure for Preliminary Design

No computer analyses are presented in this design example. The equations
for stiffness of both plumb and batter piles are developed in Design Steps 2
and 6, using basic analysis theory. Once the stiffness of each member is
developed, calculations of the seismic forces are performed using a simplified
version of Procedure 1found in AASHTO Division I-A, Article 4.3.

In the longitudinal direction, the superstructure is assumed to move as a rigid
body, and the deflections are assumed to be a constant. Each of the three
continuous span bridges is assumed to act independently of each other;
therefore, each can be analyzed separately.

In the transverse direction, the middle structure is assumed to translate as
a rigid body under a seismic load. The longer the structure, the closer this
assumption is to the actual behavior, provided that the stiffness of each
substructure member is the same from bent to bent.

Ultimate Soil Capacities of Piles

These soil capacities were provided by the geotechnical engineer. See
Appendix A.

Concrete Piles

The ultimate soil capacities are based on a 60-foot-long, 24-inch-square
concrete pile embedded 55 feet into the soil.

Tension T=(-)213 kips
Compression P = (+)767 kips

Steel Piles

The ultimate soil capacities are based on a 60-foot-long, 24-inch-diameter,
closed end steel pipe pile embedded 55 feet into the soil.

Tension T= (-)125 kips
Compression P = (+)528 kips
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Design Step 2 — Horizontal Stiffness Design Example No. 7

of Concrete Piles

DESIGN STEP 2

Design Step
2.1

Ten-Span Bridge with Open Pile Bents

HORIZONTAL STIFFNESS OF CONCRETE PILES

. In this design étep, the horizontal stiffness of each individual pile is

calculated. To illustrate the relative differences of each component,

. the horizontal stiffness due to the flexural component is calculated

separately from the horizontal stiffness due to the axial component.
The total stiffness of an individual pile is then estimated by using
the principle of superposition.

For seismic forces in the longitudinal direction, determining where
to locate the work point for batter piles is critical. If the work point
is located too low relative to the location of the horizontal force,
there will be an additional twisting moment on the cap under
horizontal seismic loads. This will cause additional bending
moments in the batter piles.

If the connection of the superstructure to the pile cap is fixed
against rotation, the connection will transfer a moment into the pile
cap and pile system equal to the horizontal force multiplied by the
distance from the c.g.c. of the load to the top of the cap. In this
scenario, the work point should be moved up to match the c.g.c. of
the horizontal force in the superstructure.

In this design example, the connection of the superstructure to the
pile cap is considered pinned. Refer to Figure 2d. Only horizontal
shear is assumed to be transferred through this connection. With
the work point located at the centroid of this shear, the additional
twist in the pile cap is zero, and the horizontal force is resisted by
axial loads in the batter piles. Equilibrium in the system is
satisfied by a couple, formed by axial loads in adjacent bents.

See Appendix B for the development of the equation for horizontal
stiffness in the batter piles.

Horizontal Stiffness Due to Flexure

Determine the pile depth-to-fixity in the soil by approximating the
relative horizontal stiffness using the equivalent Cantilever Beam
Method. The equation is found in the Seismic Design and Retrofit
Manual for Highway Bridges (FHWA, 1987). See Figure 3.
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Design Step 2 — Horizontal Stiffness Design Example No. 7

of Concrete Piles Ten-Span Bridge with Open Pile Bents
Design Step
2.1
(continued) l s ' | s |
‘ ] H ]
—s —> —>
/ /
/
/ I/
—m?m—- — i N i ‘
I il |
g s fS—
) M"'" Mmu
-
Ls ™
Conesive Soil ‘o ‘o
Constant My 1.4 % 0.44 o
5 5
Conesioniess Soil 1.8 JEL 0.78 |EL
Conswent np, LS n
Ref. FHWA-1P-87-6, Seismic Design and Retrofit Manual
for Highway Bridges, May 1987

Figure 3 — Equivalent Pile Lengths for Flexure

Basic data for the concrete pile is given below.

f . = B000" psi Concrete strength of prestress pile
E p = 4030 ksi Modulus of elasticity of pile
t=2:ft Dimension of square pile

The cross-sectional area of the pile is

2
Ap.—t Ap_4.0ft
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Design Step 2 — Horizontal Stiffness Design Example No. 7

of Concrete Piles

Design Step
2.1
(continued)

Ten-Span Bridge with Open Pile Bents

The moment of inertia of the pile is

= — [ =1.55‘f't4

P 12 p

The constant for horizontal subgrade reaction of the pile, as provided
by the geotechnical engineer, is

Ny, = & pci

Note that the value & pci is a low value, indicating low soil strength
(loose deposits) under seismic loading. See Appendix A for further
discussion.

The equation for the flexural length of the pile in soil, Lg, which
approximates the horizontal flexural stiffness of the pile, is taken from
Figure 3.

n Ly =16.0-f

The dimension “Lfg» is the flexural length along the pile, from the pile
top to the assumed point of fixity in the soil. It includes the 5-foot
pile length from the mudline to the bottom of the pile cap. See Figure
4.

Lfg =L+ 5ft Lf, = 210t

The length of pile used for the fiexural stiffness depends on the
direction under consideration. The length used is different for the
longitudinal and transverse directions because of the assumed
behavior of the pile cap, as discussed in the next design step.
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Design Step 2 — Horizontal Stiffness

of Concrete Piles

Design Example No. 7
Ten-Span Bridge with Open Pile Bents

Design Step
2.1
(continued) .
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Figure 4 — Plumb Pile Deflected Shape
(Longitudinal Direction)
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Design Step 2 — Horizontal Stiffness Design Example No. 7
of Concrete Piles Ten-Span Bridge with Open Pile Bents

Design Step Flexural Stiffness Component (Plumb Pile)
2.1.1
- a) Longitudinal Direction

. The connection of the pile to the pile cap is always fixed against
rotation. But in the longitudinal direction, the connection of the
superstructure to the pile cap is assumed to be pinned. See Figure 2.
This connection allows the top of the pile cap to rotate about the
transverse axis. Hence, the tops of the piles can also rotate, and tend
to behave as if they were pinned at the top of the pile cap. The
equivalent length of pile, then, includes the depth of the pile cap to this
point of rotation.

First, calculate the equivalent pile length, L, for horizontal stiffness in
the longitudinal direction. The 4-foot depth of the pile cap must be
added to the previously calculated Lf,. See Figure 4.

Lf, = 21.0-ft Equivalent flexural length due to stiffness

L = L + (4ft) Equivalent flexural length for
longitudinal stiffness

L =250t
For a plumb pile with a pinned pile top, the equation for the horizontal
stiffness due to flexure is the same as that for a free cantilever (note

the subscripts “O” for zero batter and “p” for pinned pile top).

E, = 40320 *ksi Modulus of elasticity of pile

P
I p= 13501 Moment of inertia of pile
L =250t Equivalent pile length for longitudinal direction
ko ZEplp e 1257
OP ‘ 3 OP - in
(1)

Note: If the detail shown in Figure 2d were such that it restrained the
top of the pile cap from rotating, the stiffness of the system would be
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Design Step 2 — Horizontal Stiffness Design Example No. 7
of Concrete Piles Ten-Span Bridge with Open Pile Bents

Design Step greater. Not only would the equivalent length of the pile be shorter (taken to
2.1.1 the bottom of the cap), but the equation for stiffness would be 12E! instead
(continued) .| of 3EL

b) Transverse Direction

In the transverse direction parallel with the pile cap, the cap is
restrained against rotation about the longitudinal axis. The pile cap
only translates, it does not rotate in this direction. The top of the pile
is fixed at the bottom of the concrete pile cap by embedding the
perimeter reinforcement of the pile up into the pile cap; therefore, the
equivalent length of pile calculated for stiffness is taken from the
bottom of the cap, and is the same length a5 Lf,, which was previously
calculated. See Figure 5.

Lf, =21.0-ft Equivalent length due to stiffness
L= Lf, Equivalent length for transverse stiffness
Lt =210-ft

For a plumb pile with a restrained (or fixed) pile top, the équation for
the horizontal stiffness due to flexure is the same as for a fixed-fixed
beam. Note the subscripts “O” for zero batter and “r” for restrained

pile top.
E p= 4030 *ksi Modulus of elasticity of pile
I p= 1.35086" Moment of inertia of pile
Lt =210-ft Equivalent length for transverse stiffness
kOr’=1_2izl‘E or =853 -2
(p T
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Design Step 2 — Horizontal Stiffness Design Example No. 7
of Concrete Piles Ten-Span Bridge with Open Pile Bents

Design Step
2.1.1
(continued)

BRIDGE

— e

3:_0))

4,—'0"

&K NN

LfS = LT
Lg = 16'-0" 5°_gp (

(STIFFNESS)

& svmm

Figure 5 — Plumb Pile Deflected Shape
(Transverse Direction)

Design Step Flexural Stiffness Component (Batter Pile)

2.1.2
When a pile is battered 2:12 in the longitudinal direction, the horizontal
component of the flexural stiffness is reduced as the slope of the batter
increases. (Note: The horizontal stiffness due to axial loads in the pile will
be considered separately in Design Step 2.2.) The first step is to calculate
the slope or angle of the batter.
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Design Step 2 — Horizontal Stiffness Design Example No. 7

of Concrete Piles

Design Step
2.1.2
(continued) -

Ten-Span Bridge with Open Pile Bents

For a 2 on 12 batter pile, the angle of the batter is
runo = 2 Horizontal run relative to vertical rise

rise := 12 Yertical rise of 12 relative to variable
horizontal run

The angle of the batter, measured from a vertical line, is

I"UH2
QO 5 = gtan A » =946-de
2 rise 2 g

From analysis theory, the horizontal stiffness of a battered pile, due
to flexural effects, is proportional to the flexural stiffness of a pile
multiplied by cosz(a). See Appendix B.

2
Kpatter = K flexure (C05(®))

As was discussed in Design Step 2.1.1, in the longitudinal direction, the
connection of the superstructure to the pile cap does not restrain the
top of the cap from rotating. The pile behaves as if pinned at the top
of the cap. The horizontal stiffness, due to the “flexural” component of
a battered pile with a pinned pile top, is the same as for a free
cantilever, with an adjustment for the angle of the batter, . Note:
The length of the batter pile is defined along the pile, not along the
vertical length. See Figure 6.
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Design Step 2 — Horizontal Stiffness Design Example No. 7
of Concrete Piles Ten-Span Bridge with Open Pile Bents

Design Step
2.1.2
(continued)

BATTER '

WORK POINT—\,

< <

2 MUDL INE
0\

1) R

\ C<2 = g.45°
Al

\

" b "

ZASSUMED PT OF FIXITY

ELEVATION

Figure 6 — Batter Pile Length Definitions

Or, written in terms of the previously calculated term kp,, the
horizontal stiffness due to the flexural component of batter pile with a
pinned top is

- . 2
kfp = kOp (cos(a))

kip

n

Horizontal stiffness of plumb pile
with pinned top

kOP = 125‘

Qo = 9.46-deg Angle of batter pile
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Design Step 2 — Horizontal Stiffness Design Example No. 7

of Concrete Piles

Design Step
2.1.2

(continued) .

Design Step
2.2

Ten-Span Bridge with Open Pile Bents

For a 2:12 batter (Note: The 2 in the subscript is for the batter.).

2
kfzp = kop'(cos(az))

ki
kfzp = 12.0-—in£ Versus 12.5 for a plumb pile

Note: For most pile bent configurations, the effect of the batter on
the flexural stiffness can be neglected. In this design example, the
actual calculated stiffness is used for the sake of consistency.

Axial Stiffness Component

Determine the horizontal stiffness of one batter pile, due to the axial
“truss action” of the pile. It is assumed that there are “pairs” of
batter piles, with each pile having another pile with an opposite batter
to cancel the net vertical deflection. See Figure 24.

The axial stiffness calculated in this design example accounts only for
the axial stiffness of the pile itself. It does not take into account that
the soil supporting the pile also acts as an elastic spring as the pile is
loaded. For this example, with 2 maximum load of 600 kips
compression, the soil will deflect approximately 1/4 inch due to the
elastic nature of the soil surrounding the pile.

; _ 600-kip y 2400 kip
soil = 25-in soil = in

This soil spring would act in “series” with the structural spring of the

pile, kP”e.
1 1 1
= +
{kmtal J kpile [ksoil ]

For simplification, this additional soil spring makes only a small
contribution to the stiffness and, therefore, has not been included in
the calculation of the axial spring for this design example. The
designer should consult with the geotechnical engineer to determine if
the effect of the soil spring is significant.
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Design Step 2 — Horizontal Stiffness Design Example No. 7

of Concrete Piles

Design Step
2.2
(continued)

Ten-Span Bridge with Open Pile Bents

The length of pile used for the axial stiffness is longer than the length used for
the flexural stiffness. If the piles were end bearing piles, with no friction

- capacity, the entire length of the pile would be used, resulting in a softer

spring. As the friction capacity of the soil increases, the effective length of

_ the pile for calculating stiffness decreases.

Calculate the equivalent pile length of the pile for axial loads. Refer to
Figure 7.

CASE | =  POINT BEARING PILE:
Kv = AE
L
CASE 2 =  PILE WITH CONSTANT
SKIN-FRICTION:
Kv = 2AE
<
CASE 3 =  PILE WITH LINEARLY VARYING
SKIN-FRICTION:
Kv = 3AE = L.5AE
2L L
CASE 4 =  PILE PARTIALLY EMBEDDED
IN SOIL:
a. Kv = _A
—E)C (SIMILAR TO CASE 2)
b. Kv = _AE ]
1-E)L (SIMILAR TO CASE 3)
£
A
o PILE
LEGEND: % " STRess
Kv = VERTICAL SPRING T E ~\ToP oF
CONSTANT ,- GOOD
A = CROSS-SECTION o : SoIL
E = YOUNG'S MODULUS rd I b. LINEARLY
L = LENGTH VARY ING
P = VERTICAL LOAD 3 SKIN
i FRICTION
a. CONSTANT
SKIN FRICTION
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Figure 7 — Equivalent Pile Axial Stiffress
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Design Step 2 — Horizontal Stiffness Design Example No. 7

of Concrete Piles

Design Step
2.2
(continued)

Design Step
2.2.1

Design Step
2.2.2

Ten-Span Bridge with Open Pile Bents

L =60 ft Actual pile length
a:=5ft Clear length from bottom of cap
to mudline

The fraction of the total pile length that is embedded in the soil is F.

F =092

A direct way of calculating the equivalent pile length, L, for axial
stiffness is

La =

F
1- _)'L La = 41.67-ft
3

Axial Stiffness Component (Plumb Pile)

For simplification, the plumb piles are assumed not to develop any axial
forces when displaced horizontally; therefore, Ko = O.

Axial Stiffness Component (Batter Pile)

Before the horizontal stiffness of a batter pile is calculated, the pure
axial stiffness of a pile must be developed. From basic analysis theory

A p= 4.0-#7 Cross-sectional area of pile

E p= 4030 “ksi Modulus of elasticity of a pile

Ly =467t Equivalent pile length for axial stiffness
K axial = i’? K axial = 4645'%
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Design Step 2 — Horizontal Stiffness Design Example No. 7
of Concrete Piles Ten-Span Bridge with Open Pile Bents

Design Step Axial Stiffness Component (Batter Pile)
2.2.2

(continued) | The horizontal stiffness of a battered pile, due to axial effects only, is the
pure axial stiffness of the pile multiplied by sin (a) See Appendix B.
{ A E

PP, . 2
Kpatter = ) (sin(a))
a

Written another way

— e 2
Kpatter = K axial (8iN(Q))

Calculate the horizontal stiffness due to axial truss action for a 2 on

12 batter pile.

kip N ,
K axial = 4645-; Axial stiffness of a pile
Qo = 9.46-deg Angle of batter pile

The horizontal stiffness due to the axial stiffness component is

, 2 Kip
Kao = K guiar (sin(as)) kap = 1255-—

in

Design Step Combined Stiffness of the Concrete Pile
2.3

The total horizontal stiffness of a pile, due to the combined effects of
both flexural and axial stiffness, is the sum of the individual
components. See Appendix B.

Calculate the combined stiffness for a plumb pile. Because K, = O,
then the combined stiffness of a plumb pile = Kop = 12.3 kip/in (from
Design Step 2.1.1).

Calculate the combined stiffness for a longitudinal 2 on 12 batter pile
with pinned top.
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Design Step 2 — Horizontal Stiffness
of Concrete Piles

Design Step 3E I

(continued)

(1)

kzp = kfzp"" kaz

kf 12.0 kip
2p" T in

kip
kaz =1255-—

in

kzp = kfzp‘f" k22

PP 2
2.3 kzp = _—é—’(cos(az)) +

A .

p'(sin(az))

Design Example No. 7
Ten-Span Bridge with Open Pile Bents

2

Another way to express the same equation, in terms of previously
defined horizontal stiffness components, is

Flexural stiffness component of a
2:12 batter pile with a pinned top

Axial stiffness component
of a 2:12 batter pile

Therefore, the total horizontal stiffness is

kip

n

Design Step Summary of Concrete Pile Stiffness

24
A summary of horizontal pile stiffness used in this design example is
given in Table 1.
Table 1
Summary of Concrete Pile Stiffness Components
Horiz Component Horiz Component Total Horiz
Due to Flexural Stiff Due to Axial Stiff Stiffness
Support Batter Angle ke (kipfin) ks (kip/in) (kip/in)
Pinned 0 0.00 12.3 0.0 12.3
Top 2 946 12.0 1255 137.5
Fixed Top 0 0.00 832 0.0 83.3
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Design Step 3 — Bridge Option No. 1 Design Example No. 7

DESIGN STEP 3

Ten-Span Bridge with Open Pile Bents

BRIDGE OPTION NO. 1
One Bent with 2:12 Concrete Batter Piles

Figure 2 (a through f) shows the layout for a conventional bridge, with
only one bent of each bridge unit incorporating batter piles. As was
mentioned in the Introduction, this design example will concentrate on
the “Unit 2” bridge structure, a four-span continuous unit in the middle
of the 10-span structure.

Because it is uniform and is separated by expansion joints at each
end, bridge Unit 2 will be isolated and analyzed as a separate
structure in this design example. [t is assumed that there is an
adequate expansion joint gap that allows it to move independently of
the other units. Figure 8 shows the conceptual layout for Option No. 1.

Bent 5 is the one bent of bridge Unit 2 that contains batter piles and
will resist horizontal force in the longitudinal direction.

o o W "

l | P INNED ' ’
SLIDING (TYP)

BENT 3 BENT 7
T feent 4 §oBEnT S § Bent 6 f

(2) 2:12 BATTER

PILES (ES)
(3) PLUMB PILES

ELEVATION — OPTION #1
(CONCRETE PILES)

Figure 8 — Conceptual Layout of Piles
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Design Step 3 — Bridge Option No. 1 Design Example No. 7

Design Step
3.1

Design Step
3.1.1

Ten-Span Bridge with Open Pile Bents

Longitudinal Seismic Force

The following items will be calculated for the bridge Unit 2 structure.
Note that only forces in the longitudinal direction are calculated in
this design step. Forces for the transverse direction are calculated in
Design Step 4.2.

1. Seismic mass

2. Total horizontal stiffness

5. Period of the structure

4. Total seismic shear force

5. Elastic seismic deflection

6. Shear force in the batter pile

7. Axial and flexural components of the horizontal shear force
&. Corresponding axial force in the pile

9. Pile capacity as controlled by the soil

Seismic Mass Wynit*g

In Design Step 1.3, the basic unit dead loads were calculated for
different components of the bridge. The seismic mass of bridge Unit 2
depends on which bents are pinned to the superstructure. When
“sliding” bearings are used at a bent, the superstructure is assumed
to move independently of the bent substructure in the longitudinal
direction. Therefore, the bent does not add longitudinal stiffness to
the system, nor does its mass add to the overall mass of the system.

When “pinned” bearings are used at a bent, the substructure restrains
the superstructure movement. Not only does the stiffness of the bent
add to the longitudinal stiffness of the system, but also a portion of
the substructure mass must be added to the total mass of the
system. The entire pile cap and 10-foot pile length will be included in
this mass calculation.

In the configuration for Option No. 1, the participating mass of the
eystem in the longitudinal direction consists of the following.

1. Four spans of the superstructure
2. Onecap beam at Bent 5
3. The top 10 feet of seven piles in the Bent 5 cap

See Figure 9.

FHWA Seismic Design Course 3-29



Design Step 3 — Bridge Option No. 1 Design Example No. 7
Ten-Span Bridge with Open Pile Bents

Design Step
3.1.1
(continued)

, 288" UNIT 2

I}
& BENT 3 BENT 7 &
I EXP JT (TYP) ,
./////— i BENT 4 $ BENT 5 $ BENT 6 |

24" ¢ CONCRETE PILES/

LEGEND
S = SLIDING
P = PINNED

/777777 PARTICIPATING SEISMIC MASS
[ ] NON-PARTICIPATING MASS

ELEVATION — OPTION #1

Figure 9 — Seismic Mass Used for Longitudinal Direction,
Option No. 1
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Design Step 3 — Bridge Option No. 1 Design Example No. 7

Design Step
3.1.1

(continued) .

Design Step
3.1.2

Ten-Span Bridge with Open Pile Bents

Therefore, the total dead load weight of the system, Winit » 19

Wspan =742.1 kip Weight of one span of the superstructure
W cap = 113.4 «kip Weight of one bent cap beam
W pile = 6.0-kip Weight of one 10-foot length of pile

W it = (4-w 5Pan) *Wegpt (7-w pile) Wiyniy = 3124 kip
Total Horizontal Stiffness kynit

Calculate the stiffness in the longitudinal direction. Only Bent 5 is
pinned to the superstructure; therefore, it is the only bent that
resists the longitudinal seismic forces. Below is a summary of the pile
types that are oriented in the longitudinal direction.

One bent of four 2 on 12 batter piles plus three plumb piles, all with
pinned tops.

ki
k 2p = 157.5-—‘f Horizontal stiffness of a2 2 on 12 batter
" pile, pinned at the top
kop = 12’5.55 Horizontal stiffness of a plumb pile,
P in pinned at the top

The total stiffness of bridge Unit No. 2 is

kip
Kynit = 4'k2p T 5'k0p Kunit = 586'9'?
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Design Step 3 — Bridge Option No. 1 Design Example No. 7
Ten-Span Bridge with Open Pile Bents

Design Step See Table 2 for a summary of the stiffness components.
3.1.2
(continued)

Table 2
Option No. 1, Longitudinal Stiffness

Bearing System Used: Bent 5 pinned, sliding bearings all other bents
Pile Configuration: (4) 2:12 batter piles + (3) equivaient plumb piles at Bent 5 only

Concrete Pile Option No. 1 Unit No. 2 w/ Concrete Piles, Longitudinal Stiffness (kip/in)
Bent Number Bent 3 Bent 4 Bent 5 Bent 6 Bent 7 Total
Bearing Restraint at Bent Sliding Sliding Pinned Sliding Sliding

Number Piumb Piles, Np 0 0 3 0 0 3
Horizontal Stiffness per Pile, k (kip/in) 0 0 12.3 0 0

Stiffness of Plumb Piles = N, (kipfin) 0 0 37 0 0 37
Number of 2:12 Batter Piles, N, 0 0 4 0 ] 4
Horizontal Stiffness per Pile, k 0 0 1375 0 0

Stiffness of Batter Piles = Ny*k (kip/in) 0 0 550 0 0 550
Longitudinal Horizontal Stiffness of Unit No. 2 Bridge (kip/in) = 587

Design Step Period of the Structure T

3.1.3
W it = S124-kip Total weight of the unit
ft
g = 52.2-—2 Acceleration of gravity
sec

The period of the structure in the longitudinal direction, per
Equation 4-3 of Division I-A is

T = 0.74s¢ec
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Design Step 3 — Bridge Option No. 1 Design Example No. 7

Design Step
3.14

Design Step
3.1.5

Ten-Span Bridge with Open Pile Bents

Total Seismic Shear Force Veqr,
A =010 The seismic acceleration coefficient
5 :=12 Soil site coefficient

The elastic seismic response coefficient is calculated from AASHTO
Division I-A, Equation 3-1. Note that the units of seconds to the (2/3)
power maintains consistent units in Mathcad®.,

C,=0176

Per AASHTO Division I-A, Article 3.6.1, the maximum value of C5 need
not exceed

C 25°A C =025

smax smax

Therefore, L6e the actual value C,=01706
The total equivalent static earthquake force is then
Veq.L = CoWinit Veq =550 kip
Elastic Seismic Deflection peq

kip

n

k

L = 587 Horizontal stiffness of the unit

uni

The elastic deflection due to the seismic shear force is then the force
divided by the stiffness. See Figure 10.

vqu
A eq = y

A g = 094+in

unit
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Ten-Span Bridge with Open Pile Bents

Design Step
3.1.5
(continued)

/-MUDL INE

RRRR4

ELEVATION

Figure 10 — Deflected Shape of Batter Pile Bent
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Design Step 3 — Bridge Option No. 1 Design Example No. 7
Ten-Span Bridge with Open Pile Bents

Design Step Shear Force in the Batter Pile Veq

3.1.6
The total seismic shear is distributed proportionately to the seven
piles in Bent 5, based on their relative stiffnesses. The individual shear
forces can be calculated by multiplying the stiffness of the individual
piles by the total deflection.

The resulting horizontal force resisted by each 2:12 batter pile is

ki
k2p = 157.5-—_E Horizontal stiffness of a 2:12 batter
" pile with pinned top
A eq = 0.94¢in Seismic deflection of the bridge
Veq = k2p'A eq V gq = 1293-kip

The individual shear force in each plumb pile is 11.6K, which is
small relative to the shear force in the batter piles; therefore, it will
not be addressed further in this example.

Design Step Axial and Flexural Components of Horizontal Shear Forces V,and V,
3.1.7

A portion of the horizontal force is resisted by an axial load in the
batter pile while the remainder is resisted by flexure in the pile. The
shear carried by each component is expressed as a simple ratio of its
stiffness to the total stiffness.

The total horizontal stiffness of one 2:12 batter pile with a pinned top
is

k 1375 kip
ZP_ ' in

The horizontal component of the total stiffness due to axial stiffness
in the pile is

kip
ka o =1255-—

In
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Design Step
3.1.7
(continued)

Design Step
3.1.8

Ten-Span Bridge with Open Pile Bents

The horizontal shear associated with the axial deformation is a ratio of the
axial to total horizontal stiffness of the batter pile.

kaz
Va=—V,

5 V4 =118.0-kip
2p

9

The horizontal component of the total stiffness due to flexural
stiffness in the pile is

kip

kf 5, = 1207

in
The horizontal shear associated with the flexural deformation is

expressed as a ratio of the flexural to total horizontal stiffness of the
batter pile.

Vi = N3 kip

Check that the total horizontal seismic force equals Veq.
ViV +V, V =129.3+kip  okay

Axial Forces

The resulting axial forces in the 2:12 batter pile are based on the
shear force Va and simple trigonometry.

V4 =18.0-kip Horizontal shear force

a o = 9.46-deg Angle of batter

The elastic axial force in the pile is either tension or compression,
depending on the direction of the EQ load.

Pypi=— Po=718-kip Verylarge

FHWA Seismic Design Course 3-36



Design Step 3 — Bridge Option No. 1 Design Example No. 7
Ten-Span Bridge with Open Pile Bents

Design Step Pile Capacity — as Controlled by the Soil

3.1.9
From Design Step 1.5, the capacity of the pile (as controlled by the
s0il) is (-)213 kips in tension, and (+)767 kips in compression.
Determine the magnitude of the final axial loads. The axial loads in the
batter piles should not be reduced by the Response Modification
Factor “R” because there is little energy dissipated in “truss” type
action of the batter piles unless the soil fails. The full elastic axial
forces are, therefore, used in this design example.

For Group Vi loading, per AASHTO Division I-A, Article 6.2.2, the load
factors are all 1.0. The maximum compression in the 2:12 batter piles,
using the full elastic force, is

PpL = 128+kip DL reaction in pile (unfactored)
P4 =718+kip Full elastic seismic axial load
Fcompr = (1.0- P DL) + <1.0- Pa) Maximum compressive axial load
Fcompr = 846 -kip > 767 kip, therefore N.G.

The maximum tension in the 2:12 batter piles, under Group VIl loading
using the full elastic force is

Pten = PDL - Pa Maximum tensile axizal load

Pren = -590 kip > (-)213 kip, therefore N.G.

Both the axial tension and compression exceed the soil capacity for
the Bent 5 piles.
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Ten-Span Bridge with Open Pile Bents

Design Step Implications

3.2
The tension load exceeds the soil capacity by a large margin (-580 kip
load verses -213 kip capacity). The compression load in the pile also
exceeds the soil capacity (646 kip verses 767 kip). During a seismic
event, the pile may tend to walk its way out of the soil (following he
principle of tension failure before compression failure). This behavior
would dissipate energy, but might result in damage to piles and an
uneven structure profile.

Therefore, look at other concrete pile layout options at a preliminary
level.

= Option No. 2: Seven plumb piles at each bent, Bents 4, 5, and 6,
pinned to the superstructure (Design Step 4).

= Option No. 3: Four batter piles and three plumb piles at each
bent, Bents 4, 5, and 6, pinned to the superstructure (Design
Step 5).
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Design Step 4 — Bridge Option No. 2 Design Example No. 7
Ten-Span Bridge with Open Pile Bents

DESIGN STEP 4 BRIDGE OPTION NO. 2
Bents 4, 5, and 6 with All Concrete Plumb Piles

Figures 11 shows the conceptual layout for Option No. 2. The three
middle bents of the four-span bridge Unit No. 2 are pinned to the
superstructure. All the piles are plumb piles.

BENT 3 BENT 7
f ? BENT 4 i BENT 5 i BENT 6

PINNED 45517;7;23%
(TYP) (TYP)

(7) PLUMB PILES

ELEVATION — OPTION #2
(CONCRETE PILES)

Flgure 11 — Conceptual Layout of Piles,
Option No. 2

Design Step Longitudinal Seismic Force on Pile Bents 4, 5, and 6
4.1

The following items will be calculated for the bridge Unit 2 structure.

Note that only forces in the longitudinal direction are calculated in

this design step. Forces for the transverse direction are calculated in
Design Step 4.2.

1. Seismic mass
2. Total horizontal stiffness
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Design Step 4 — Bridge Option No. 2 Design Example No. 7
Ten-Span Bridge with Open Pile Bents

Period of the structure

Total seismic shear force

Elastic seismic deflection

Shear force in the pile

Axial and flexural components of the horizontal shear force
Corresponding axial force and fiexural moment in the pile

SIREOROIENES

Design Step Seismic Mass Wynit * g
4.1.1
Refer to Design Step 3.1.1 for a more in-depth discussion of seismic
mass. For Option No. 2, the middie three bents have pinned bearings,
and all contribute to the seismic mass of bridge Unit 2 structure.

In this design configuration, the participating mass of the system in
the longitudinal direction consists of the following.

1. Four spans of the superstructure
2. The three cap beams of Bents 4, 5, and 6
3. The top 10 feet of 21 piles in Bents 4, 5, and 6

See Figure 12.

Wapan = 742.1kip Weight of one span of the superstructure
Wcap = 115.4 <kip Weight of one bent cap beam

w pile = ©.0+kip Weight of one 10-foot length of pile

Therefore, the total dead load weight of the system, W v . i5
Woinit = (4'Wspan) T (5'Wcap> * (21'Wpilc)

Wit = 3435 kip
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Design Step 4 — Bridge Option No. 2 Design Example No. 7
Ten-Span Bridge with Open Pile Bents

Design Step
4.1.1
{continued) ‘

288" UNIT 2

1 i
& BENT 3 BENT 7 g

EXP JT (TYP)
f BENT 4

§ BENT 6 l

€ BENT 5

24"t CONCRETE PILES

SLIDING
PINNED

V/////7///) PARTICIPATING SEISMIC MASS
"] NON-PARTICIPATING MASS

P

ELEVATION — OPTION #2

Figure 12 — Seismic Mass Used fox: Longitudinal Direction,
Option No. 2

Design Step Total Horizontal Stiffness kynit
4.1.2

Calculate the stiffness in the longitudinal direction. Bents 4, 5, and 6
are pinned to the superstructure; therefore, they all contribute to the
longitudinal seismic stiffness. In addition, the weight of the pile caps
and piles of these bents contribute to the seismic mass of the bridge
structure. Refer to Table 1in Design Step 2.3 for individual stiffness.
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Design Step 4 — Bridge Option No. 2 Design Example No. 7
Ten-Span Bridge with Open Pile Bents

Design Step Three bents of seven plumb piles each = 21 total plumb piles, all with pinned
4.1.2 tops.
(continued)

- 12 5_5&’ Horizontal stiffness of a plumb pile,

K
Op in pinned at the top

The total stiffness of the Bridge Unit No. 2 is

kip
kunit :=21-ko kunit = 2586.3 -
p in

See Table 3.

Table 3
Option No. 2, Longitudinal Stiffness

Bearing System Used: Sliding bearings at Bents 3 and 7, pinned at Bents 4 to 6
Pile Configuration: All plumb piles participate at Bents 4,5, and 6

Concrete Pile Option No. 2 Unit No. 2 w/ Concrete Piies, Longitudinal Stiffness (kip/in)

Bent Number Bent 3 Bent 4 Bent 5 Bent 6 Bent 7 Total
Bearing Restraint at Bent Sliding Sliding Pinned Sliding Sliding

Number Plumb Piles, NP o) 7 7 7 0 21
Horizontal Stiffness per Pile, k (kip/in) 0] 123 12.3 12.3 0

Stiffness of Plumb Piles = N,"k (kip/in) 0] 861 86.1 86.1 0 258.3
Number of 2:12 Batter Piles, N, 0 0 0 0 0 0
Horizontal Stiffness per Pile, k 0 0 0.0 0

Stiffness of Batter Piles = Ny, k (kip/in) 0 o] 0.0 0] o) 0.0
Longitudinal Horizontal Stiffness of Unit No. 2 Bridge (kip/in) = 258
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Design Step
4.1.3

Design Step
4.1.4

Ten-Span Bridge with Open Pile Bents

Period of the Structure T
W it = 3435 kip Total weight of the unit
kip .
kunit =258 - ~ Horizontal stiffness of bridge Unit No. 2
ft
g = 32.2'——5 Acceleration of gravity
sec

The period of the structure in the longitudinal direction, per
Equation 4-3 of Division I-A is

T:=27 T =117+s¢ec

Total Seismic Shear Force Veqr,
A =010 Seismic acceleration coefficient
S =12 Soil site coefficient

The elastic seismic response coefficient is calculated from AASHTO
Division I-A, Equation 3-1. Note that the units of seconds to the (2/3)
power maintains consistent units in Mathcad®.

2

12:56c> A'S
s = 5 5=

T.'é

Per AASHTO Division |-A, Article 3.6.1, the maximum value of C5 need
not exceed

Comax = 25°A C omax = 025
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Design Step
4.1.4
(continued)

Design Step
4.1.5

Design Step
4.1.6

Ten-Span Bridge with Open Pile Bents

Therefore, e the actual value C 5 = 0130

The total equivalent static earthquake force is then

Veg | = C oW it Veq| = 447 kip
Elastic Seismic Deflection peq

kip
kunit = 258 - —m_ Horizontal stiffness of the unit

The elastic deflection due to the seismic shear force is, then, the force
divided by the stiffness

v@qL
A = A = 1.75’“’1
[ [+
l<unit 4

Note that this deflection is much larger than the deflection
associated with Option No. 1, which has batter piles (1.73 verses 0.88
inch). This deflection must be accommodated at the expansion joints
at Bents 3 and 7. The absolute value of the seismic deflection of the
two adjoining bridge units must be added together. The gap between
the ends of the superstructure units should be equal to or greater
than this value.

Shear Force in Each Plumb Pile Veq

This seismic load is distributed proportionately to each of the three
bents resisting the seismic force, based on their relative stiffnesses.
Because the stiffnesses of all bents are equal, each will take an equal
proportion of the seismic shear. Because all piles are identical, each
will take an equal proportion of the bent seismic shear.

The flexural shear force resisted by each of the 21 plumb piles in the
longitudinal direction is

, Yeg L ,
€ 2 &q
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Design Step 4 — Bridge Option No. 2

Design Step
4.1.6

(continued) .

Design Step
4.1.7

Design Step
4.1.8

Design Example No. 7
Ten-Span Bridge with Open Pile Bents

This result should be the same as that yielded by multiplying the defiection
times the stiffness of an individual plumb pile.

ki
kOp = 12.5°-i-':~7 Stiffness of a plumb pile
A eq = 1.73¢in Seismic deflection of the bridge
Veq = kOp'A eq \/601 = 21.53+kip The same, okay!

Axial and Flexural Components of Horizontal Shear Force V, and V7,

For Option No. 2, with all plumb piles, it is assumed that there are no
axial forces due to seismic loads in the longitudinal direction.

\/a = Okip

Vl_:=\/C \/L=21.5'kip

9
Axial Force and Flexural Moment in Each Pile P, and Mf,

There are no axial forces in the plumb piles for Option No. 2.
P, =0kp

The bending moment in each of these piles is based on the length in the
soil for flexure, L, shown in Figure 13.

E, = 4030-ksi
) 4
| =133+ ft
Hh = 50'pCl
!
5
EPIP\

L= 6.94 ft
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Design Step
4.1.8
(continued)

Ten-Span Bridge with Open Pile Bents

T BENT

AEQ

. MUDL INE
O 1
J |
¥y
NI
E
!
E
-

Figure 13 — Deflected Shape of All Plumb Pile Bent

Then the dimension Lf,, is conservatively taken as the flexural length
along the pile, from the top of the pile cap to the assumed point of
maximum bending moment.

Ly = Ly + Boft + 4-f¢ L = 15.94 ft

The moment in the longitudinal direction for each pile (assuming no
fixity at the top of the pile) is

ML ::VL'Lfm ML=54O'kip’ﬂ:
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Design Step
4.2

Design Step
4.2.1

Ten-Span Bridge with Open Pile Bents

Transverse Seismic Force on Pile Bent 5

Forces in the transverse direction are calculated in this design step.
Forces in the longitudinal direction were calculated in Design Step 4.1.
In this design step, the following items will be calculated for pile Bent 5.
Because the pile bents are identical and the superstructure is
assumed to act as a rigid body (superstructure order of magnitude
stiffer than piles), tributary lengths will be used to calculate values for
pile Bent 5. (Note that because the span lengths are almost identical,
all bents will have nearly identical values.)

Seismic mass

Total horizontal stiffness

Period of the structure

Total seismic shear force

Elastic seismic deflection

Shear force in each pile

Corresponding axial force and flexural moment in the outboard piles

NOOAGN

Seismic Mass Ppent *g

Calculate the tributary weight of each bent. Refer to Design Step 3.1.1
for a more in-depth discussion of seismic mass.

In this design configuration, the participating mass of each bent in the
transverse direction consists of the following.

1. One tributary span of the superstructure
2. Orne cap beam ‘

3. The top 10 feet of seven piles

The tributary weight at each pile bent, Poents io

Wapan = 742.1 kip

W ap = 13.4-kip

Poent = Weopant Weapt 7W Phent = 898 kip

pile
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Design Step
4.2.2

Design Step
4.2.3

Design Step
4.2.4

Ten-Span Bridge with Open Pile Bents

Total Horizontal Stiffness kpent

Calculate the stiffness of each bent in the transverse direction. Each
bent resists its own tributary seismic shear.

Each bent has seven plumb piles.

kor = 83.3 - E'E Horizontal stiffness of a plumb pile,
n fixed at the top

. The stiffness of each bent is

kip
Kpent = 7Kor Kpent = 583°—

N
Period of the Structure T

The tributary weight of each bent is

P bent, = 899+kip

ft
g =322 2 Acceleration of gravity
sec
The period of the structure in the transverse direction, per
Equation 4-3 of Division i-A, is

T=27 T = 0.40-s¢ec

- Seismic Shear Force Veqr
A = 010 Seismic acceleration coefficient
5 =12 Soil site coefficient
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Design Step
4.2.4
(continued) -

Design Step
4.2.5

Ten-Span Bridge with Open Pile Bents

The elastic seismic response coefficient is calculated from AASHTO Division I-
A, Equation 3-1. Note that the units of seconds to the (2/3) power maintains
consistent units in Mathcad®.

2
1.2'5605'A' S
5~ P

T5

Per AASHTO Division |-A, Article 3.6.1, the maximum value of Cg need
hot exceed

Comax = 25°A C omax = 025

c C4 = 0.267

Therefore, Lse the maximum value C = 025

smax

The total equivalent static earthquake force is then

Veqr = Csmax'Pbent Veq-r = 225-kip
Elastic Seismic Deflection peq

ki
k bent = 555°—p Horizontal stiffness of each bent
in

The elastic deflection due to the seismic shear force is, then, the force
divided by the stiffness.

Veg 1

A = A, =039¢in
€ e
4 kbcnt A

See Figure 14.
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Ten-Span Bridge with Open Pile Bents

Design Step
4.2.5
(continued) ?i BRIDGE
. AE !
L | 2
-__‘c| L:_.._
T
sk ]
-3y L
e |
18'-9"
& s
SECTION

Figure 14 — Deflected Shape of Transverse Bent

Design Step Shear Force in Each Plumb Pile Veq

4.2.6
This seismic load is distributed evenly among the seven plumb piles in
each bent.

The flexural shear force resisted by each of the seven plump piles in the
transverse direction is

vear
vV, =

3q = qu = 52.1'kip
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Design Step
4.2.6

(continued) .

Design Step
4.2.7

Ten-Span Bridge with Open Pile Bents

This result should be the same as that yielded multiplying the defiection times
the stiffness of an individual plumb pile.

ki
kor = 83.3 . ﬁ Stiffness of plumb pile,

" fixed at the top
A eq = 0.39¢in Seismic deflection of the bridge
ch = koA eq veq = 52.1-kip The same, okay!
VT3=V6q VT=52.1'|<ip

Corresponding Axial Force and Flexural Moment in the Qutboard Piles

a) Check the Outboard Piles for Axial Tension Due to Frame Action

Veg 1 = 225-kip Shear on the bent

The distance from the assumed point of fixity of the pile to the center
of the mass of the superstructure is L, from Design Step 4.1.8.

Ly = 6.94 1 Length due to flexure
Li=L,+ (5ft) + (4ft) + (3ft) L =18.94 ft

The overturning moment in the bent is

Moe = Veg L M gy = 4260+kip ft

The section modulus of the seven piles resisting overturning in the
transverse direction is

Adsq = 2- (18757 + 1252 + 6.25) 2

Adsg = 1094
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Design Step 4 — Bridge Option No. 2 Design Example No. 7
Ten-Span Bridge with Open Pile Bents

Design Step The exterior piles in a bent are spaced a distance of z.
4.2.7
(continued)

z = 0625ft z = 375t

The outside piles will have a seismic axial load (tension) of

z
M ot

Pa = Fa = 73.0-kip okay
Adsq

PpL=1285-kip Dead load of pile

Pton = PpL - P3 > O; therefore, zero tension

The axial load due to the transverse seismic shear does not overcome
the axial dead load in the piles. Because it was assumed there is no
axial load in the plumb piles due to longitudinal seismic forces, the
combined axial load effect is insignificant by inspection.

b) The Bending Moment in Each of These Piles Is Based on the
Length in the Soil for Flexure, Lm

The equivalent length of the pile in the soil, L., to approximate the
flexural length of the pile, from Design Step 4.1.8, is

Ly = 6.94 ft

The dimension “Lfm” is the flexural length along the pile, from the
bottom of the pile cap to the assumed point of fixity in the soil, for
bending moment.

m* 5t L = 1194 f1

The moment in the transverse direction is approximately

Lf

m
MT = Vc 7 MT = 192'kip'f‘t

4
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Design Step
4.3

Design Step
4.3.1

Ten-Span Bridge with Open Pile Bents

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

Because there is no cross coupling of forces in the transverse and
longitudinal directions (no transverse moments caused by longitudinal
forces and vice versa), all the piles are assumed to carry the same
values of transverse shear and moment.

Pile Shear
A summary of the shear forces on a Bent 5 pile is given below.
V| = 21.5-kip Longitudinal shear on pile

V= 321kip Transverse shear on pile

a) Load Case 1 (100 Percent Global Longitudinal plus 30 Percent
Global Transverse)

Resulting longitudinal shear force
V1L = (‘LO'VL) V1L :21.5’kip
Resulting transverse shear force

b) Load Case 2 (30 Percent Global Longitudinal plus 100 Percent
Global Transverse)

Resulting longitudinal shear force
Vo = <O.5-v L) | Vo = 64k

Resulting transverse shear force

Vaor = (10°V 1) Vor = 324+kip
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Ten-Span Bridge with Open Pile Bents

Design Step Pile Moment
4.3.2

A summary of the moment forces on Bent 5 pile is given below.

M| = 340-ft-kip Longitudinal moment on pile

M = 192+ft+kip Transverse moment on pile

a) Load Case 1 (100 Percent Global Longitudinal plus 30 Percent
Global Transverse)

Resulting longitudinal moment
My = (10M ) My, = 340.0-ft-kip

Resulting transverse moment

M7 = <O.5-M T) My = 57.6+ft-kip

b) Load Case 2 (30 Percent Global Longitudinal plus 100 Percent
Global Transverse)

Resulting longitudinal moment

Moy = (03M) Moy = 102.0-ft-kip

Resulting transverse moment

Moy = (10°M1) Mor = 192-frekip
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Design Step
4.4

Design Step
441

Ten-Span Bridge with Open Pile Bents

Modified Design Forces in Bent 5 Plumb Pile
[AASHTO Division I-A, Article 6.2.2]

Summary of Elastic Forces

a) Elastic Shear Force in Pile

Summary for Load Case 1

V‘IT = 9.6'kip V1L = 21.5'|(1P

For preliminary design it is conservative to calculate the resultant

shear in the pile as shown beiow, and check it against the shear
capacity in the major axes. The resultant shear is

’ 2 2 .
Vm = V1T + V»]L VU1 = 254"k1p

Summary for Load Case 2

Again, find the resultant shear force.

Vo = /v or Vo Vo =328kp <= Controls

b) Elastic Biaxial Moments in Pile
Summary for Load Case 1

My = 576+ ft-kip My = 340+ frekip

For preliminary design it is conservative to calculate the resultant
moment in the pile as shown below, and check it against the moment
capacity about a major axis. If the moments about the two major axes
were similar in magnitude, then it would be necessary to create a
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Ten-Span Bridge with Open Pile Bents

Design Step biaxial moment diagram. Since the longitudinal moment dominates in this
4.4.1 example, the method below is conservative. The resultant moment is

(continued) :
2 2
My = JMw + My

M= 345+ ft-kip <--- Controls
Summary for Load Case 2

Again, find the resultant moment force.

( 2 2 .
M u2 = M 2T + M oL M u2 = 217-ft- klp

Design Step Modified Design Forces
4.4.2 [AASHTO Division I-A, Article 6.2.1]

According to Table 3 of AASHTO Division 1-A, Article 3.7, the “R”
factor for reinforced concrete pile bents, with all vertical piles, is R=3.
Fer the exception noted in this referenced section, the full “R” value is
used for pile bents. Assume dead load shear and moment forces equal
to zero in the piles.

a) Modified Shear Forces in Pile, Vy

Vip = 32.8kip Controlling resultant shear force in pile

R:=3 Response Modification Reduction Factor
Vi '

Vu FT Vu=1o.9‘klp

It should be noted that discussion is presently taking place regarding
whether the shear force should be divided by R for shear in SPC B. See
Giegeret al.
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Design Step
4.4.2
(continued)

Design Step
4.5

Design Step
4.5.1

Design Step
4.5.2

Ten-Span Bridge with Open Pile Bents

b) Modified Moment Forces in Pile, My,

The controlling resultant moment is from Load Case 1.

M1 = 345-kipft Controlling resultant moment in pile

Ri=3 Response Modification Reduction Factor
Mut

M, = = M = 115-ftekip

Design the Bent 5 Piles

Shear Design

The shear design of the pile is not shown in this design example. On
inspection, it can be seen that the seismic factored shear loads do
not control the design of tie reinforcement. The design requirements
of AASHTO Division I-A, Article 6.6.2 should be used to calculate the
minimum transverse reinforcement requirements.

Flexure Design

At its top, the pile acts as a regular reinforced section because the
unstressed strand is extended into the pile cap. Where the moment is
a maximum at the assumed point of fixity below mudline, the pile is a
prestressed section. In Design Step 4.4.2.b, the factored resultant
moment was calculated, and bending about one major axis will be
considered. See Figure 15 for the pile cross section.
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Ten-Span Bridge with Open Pile Bents

Design Step
4.5.2
(continued) (20 ) | /2 "¢ STRAND
)
— ¥ L L} | - N
o 2
ﬁ-
4 ~

TIES—/ —

3" S EQ SPACES 3"

Figure 15 — Cross Section of Concrete Pile

Figure 16 shows the capacity curve for a 24-inch-square prestressed
concrete pile with 20 1/2-inch strands. The curves do not account for
pile slenderness, because most of the pile is surrounded by competent
s0il. For longer unsupported length piles, pile slenderness must be
considered.

The curve considers only bending about one major axis. As was
discussed above, because the moment is predominant about one axis,
it is not necessary to plot a biaxial bending curve. Notice that for
small axial loads, the moment capacity of the pile is similar for both
fully prestressed and zero prestressed conditions.
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Design Step 4 — Bridge Option No. 2

Design Example No. 7
Ten-Span Bridge with Open Pile Bents

Design Step
4.5.2
(continued) _
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Figure 16 — Interaction Diagram of Concrete Pile
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Design Step 4 — Bridge Option No. 2 Design Example No. 7

Design Step
4.5.2
(continued)

Ten-Span Bridge with Open Pile Bents

The maximum factored moment in the longitudinal direction is
M, = 15kipft

The interaction plot is for nominal capacity, therefore M, must be
divided by the phi factor. For SPC B, the minimum phi factor is

0 min = 0.7
Therefore,
M u
= 164 -kip f
min

On inspection, it can be seen that the moment capacity of the pile
(approximately 500 kip*ft) is much larger than the applied moment of
164 kip*feet. Therefore, the 24-inch-square pile with 20 1/2-inch-
diameter strands can be used. Because of the short clear height
above the soll, it was assumed that the moment magnification is
small, and that the pile is supported by the soil. The dead load times
the elastic deflection could have been added, but its effect is
insignificant in this case.
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Design Step 5 — Bridge Option No. 3 Design Example No. 7
Ten-Span Bridge with Open Pile Bents

DESIGN STEP 5 BRIDGE OPTION NO. 3

Figure 17 shows the conceptual layout for Option No. 3. All the middle bents
of the four-span bridge Unit 2 are pinned to the superstructure. Four of the
geven piles in the bents are 2:12 batter piles. The other three are plumb piles.

BENT 3 BENT 7
§ BENT 4 $ BENT 5 ? BENT 6
|

[
SUlG

(TYP) (TYP)

(2) 2:12 BATTER PILES (ES)

(3) PLUMB PILES

Figure 17 — Conceptual Layout of Piles,
Option No. 3

Design Step Longitudinal Seismic Force on Pile Bent 5
5.1
The following items will be calculated for the bridge Unit 2 structure. Note
that only forces in the longitudinal direction are calculated in this design
step. Forces for the transverse direction are calculated in Design Step 4.2.

Seismic mass

Total horizontal stiffness

Period of the structure

Total seismic shear force

Elastic seismic deflection

Shear force in the batter pile

Axial and flexural components of the horizontal shear force
Corresponding axial force in the pile

Pile capacity as controlled by the soil

O©OENO O H D~

FHWA Seismic Design Course 3-61



Design Step 5 — Bridge Option No. 3 Design Example No. 7

Ten-Span Bridge with Open Pile Bents

Design Step Seismic Mass Wy pit * g
5.1.1

The seismic mass for Option No. 3 is the same as for Option No. 2, see Design
Step 4.1.1. See Figure 18.

Wunit = 3435 kip

, 288° UNIT 2

EXP JT (TYP)
£ BENT 4 ?. BENT 5 ?. BENT 6

& BENT 3 BENT 7 ¢

O ‘\\\\§

AN\

=

W
[y

>
3

N

W
N

AN AN

W\

N

N

QRARAN AN TN
CURRRN AR

RN
N

ANANN AR\ :\ X

QT AN
k\\\\\' AN\

AN
SN N

N

24" M CONCRETE PILES
LEGEND

S = SLIDING
P = PINNED

V777777 PARTICIPATING SEISMIC MASS
[ ] NON-PARTICIPATING MASS

Figure 18 — Seismic Mass Used for Longitudinal Direction,
Option No. 3

Design Step Total Horizontal Stiffness kynit
5.1.2

Calculate the stiffness of bridge Unit 2 in the longitudinal direction. Bents 4,
5, and & are pinned to the superstructure; therefore, they all contribute to
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Design Step 5 — Bridge Option No. 3 Design Example No. 7

‘Design Step
5.1.2
(continued)

Ten-Span Bridge with Open Pile Bents

the longitudinal seismic stiffness. Refer to Table 1in Design Step 2.3 for
individual stiffnesses. Each of the three bents consist of four piles with 2 on
12 batter plus three plumb piles.

: ki
k2p = 137.5'_—p Horizontal stiffness of a 2 on 12 batter
i pile, pinned at the top
kO 123 Kip Horizontal stiffness of a plumb pile,
P in pinned at the top

Total stiffness of bridge Unit No. 2 is

kip
Kuni = 3 (4kgp + Bk ) K ynig = 1761°—

See Table 4.

Table 4
Option No. 3, Longitudinal Stiffness

Bearing System Used: Sliding bearings at Bents 3 and 7, pinned at Bents 4 to 6
Pile Configuration: (4) 2:12 batter piles + (3) equivalent piumb piles at Bents 4,5, and 6

Concrete File Option No. 3 Unit No. 2 w/Concrete Piles, Longitudinal Stiffness (kip/in)

Bent Number Bent 3 Bent 4 Bent 5 Bent 6 Bent 7 Total
Bearing Restraint at Bent Sliding Sliding Pinned Sliding Sliding

Number Plumb Piles, NP 0 3 ) 3 0 9
Horizontal Stiffness per Pile, k (kip/in) 0 123 12.3 12.3 0

Stiffness of Plumb Piles = Np‘k (kip/in) 0 26.9 36.9 36.9 0 10.7
Number of 2:12 Batter Files, N, 0 4 4 4 0 12
Horizontal Stiffness per Pile, k 0 137.5 1375 137.5

Stiffness of Batter Piles = Ny,"k (kip/in) o 550.0 550.5 5505 0 165
Longitudinal Horizontal Stiffness of Unit No. 2 Bridge (kip/in) = 1761
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Design Step 5 — Bridge Option No. 3 Design Example No. 7

Design Step
5.1.3

Design Step
5.14

Ten-Span Bridge with Open Pile Bents

Period of Structure T

W nig = 3435 kip Total weight of the unit

g = 52.2-——2 Acceleration of gravity
sec

The period of the structure in the longitudinal direction, per Equation 4-3 of
Division I-A, is

T = 0.45-s¢ec

Total Seismic Shear Force Veqy,
A = 0.10 Seismic acceleration coefficient
S =12 Soil site coefficient

The elastic seismic response coefficient is calculated from AASHTO Division
I-A, Equation 3-1. Note that the units of seconds to the (2/3) power
maintains consistent units in Mathcad®.

2
1.2'9ec5'/\'6
5 —2—

T3

FPer AASHTO Division I-A, Article 3.6.1, the maximum value of C5 need not
exceed

Cg4 = 0.246

C =25 A C

smax =025

smax
Therefore, e the actual value Comay = 0.246

The total equivalent static earthquake force is then
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Design Step
5.1.5

Design Step
5.1.6

Design Step
5.1.7

Ten-Span Bridge with Open Pile Bents

Veq L= Csmax'wunit Veg| = 845 kip

Elastic Seismic Deflection peq

ki
k unit = 1761 ——P Horizontal stiffness of the unit
in

The elastic deflection due to the seismic shear force is, then, the force divided
by the stiffness.

Veq L
A6 2=‘k_' A8q=0'4&m
unit

See Figure 10 in Design Step 3.1.5.

Shear Force in the Batter Pile Veq

The total seismic shear is distributed proportionately to each pile based on
its relative stiffness. The force in each pile can be calculated by multiplying

the stiffness of the individual pile by the total deflection. The resulting
horizontal force resisted by each 2:12 batter pile with a pinned top is

ki
k2p = 157.5"—p ' Stiffness of a 2:12 batter pile

n
A eq = 0.48 in Seismic deflection of the bridge
ch = k2p'A eq Veq = 6060 kip

Axial and Flexural Components of Horizontal Shear Force Vaand Vpy,

A portion of the horizontal force is resisted by an axial load in the batter pile
while the remainder is resisted by flexure in the pile. Before the axial force and
flexural moment can be calculated, the relative stiffness of the axial and
flexural contribution to the horizontal stiffness must be considered. The
shear carried by each component is expressed as a simple ratio of its
stiffness to the total stiffness.
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Design Step
5.1.7
(continued)

Ten-Span Bridge with Open Pile Bents

The total stiffness of one 2 on 12 batter pile with pinned top is

kip

n

k 2P = 1375

The horizontal component of total stiffness due to axial stiffness in the pile is

kip

in

ka 2= 125.5-

The horizontal shear associated with the axial deformation is a ratio of the
axial to total horizontal stiffness of the batter pile.

ka2
Y = ——-'VC

a =7 V4 =00.2kip
2p

!

The horizontal component of total stiffness due to fexural stiffness in the pile
is

o = 1207
ZP— ' in

The horizontal shear associated with the flexural deformation is a ratio of the
flexural to total horizontal stiffness of the batter pile. This force is used to
calculate the fiexural shear and moment in the pile.

kf
2p
Vi ==V,

- Ve = 5.8 kip
2p

4

Check that the total horizontal seismic force equals Veq,

ViV +V, V =66.0 kip okay
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Design Step
5.1.8

Design Step
5.1.9

Ten-Span Bridge with Open Pile Bents

Axial Forces in the Pile

a) The Resulting Axial Forces in the 2 on 12 Batter Pile Are Based on the
Shear Force Vg and Simple Trigonometry

Va =00.2 kip Horizontal shear force
0, = 946-deg Angle of batter

The elastic axial force in the pile is either tension or compression, depending
on the direction of the EQ load.

Va

P_ = P, = 300 ki
a 5iﬂ(a2) 2 P

Pile Capacity (as controlled by the soil)

From Desigh Step 1.5, the capacity of the soil is (-)213 kips in tension, and
(+)767 kips in compression. Determine the magnitude of the final axial loads.

The Response Modification Factor “R” should not apply to the axial
componcnt of the batter piles in a pile bent. There is little energy dissipated in
“truss-type” action of batter piles. The full elastic axial forces are therefore
used.

For Group Vil loading, per AASHTO Division I-A, Article 6.2.2, the load factors

are all 1.0. The maximum compression in the 2:12 batter piles, under Group VI
loading using the full elastic force, is

PpL = 126-kip Dead load reaction in a pile (unfactored)
Fa =366 kip Full elastic seismic axial load
Pcompr (1 Oo-P DL) + <1.0-Pa> Maximum compressive axial load

Pcomprz 494 kip < 767 kip, therefore, ok
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Design Step
5.1.9
(continued)

Design Step
5.3

Ten-Span Bridge with Open Pile Bents

The maximum tension in the 2:12 batter piles, under Group Vil loading using the
full elastic force, is

Pten = PDL - Fa Maximum tensile axial load

Pren = -238 kip > (-)213 kip, close but N.C.

The maximum compression load in the pile is less than the soil compression
capacity, but the tension capacity of the soil exceeds the capacity by a small
amount.

Therefore, go on to Design Step 5.3 for the implications of the pile layout for
Option No. 3, and for other options to investigate.

Implications

The full elastic forces were used in the analysis in Design Step 5.1.8(a). The
capacity of the soil exceeded or was close to these loads. The pile length
could be increased to provide the necessary capacity.

Therefore, this pile layout can be designed to resist the seismic forces of the
bridge. Unlike Option No. 1, where only one bent had batter piles, this option
contains more batter piles to share the horizontal shear forces. The
additional length of pile required to resist the tension loads is also
reasonable.
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Design Step 6 — Horizontal Stiffness of Steel Piles Design Example No. 7
Ten-Span Bridge with Open Pile Bents

DESIGN STEP 6 HORIZONTAL STIFFNESS OF STEEL PILES

In Design Step 2, the horizontal stiffness components for a 24-inch-square
concrete pile were calculated.

In this design step, the horizontal stiffness components of a steel pipe pile
are calculated. The horizontal stiffness due to the flexural component is
calculated separately from the horizontal stiffness due to the axial
component. All the steel piles are assumed to be 24-inch O.D. pipes with a
1/2-inch wall thickness.

See Appendix B for the development of the equation for horizontal stiffness
in the batter piles.

Design Step Horizontal Stiffness Due to Flexural Component
6.1

Determine the pile depth-to-fixity in the soil by approximating the relative
horizontal stiffness. The basic data for the steel pile is given below.

E p = 29000 ksi Modulus of elasticity of pile

Cross-sectional area of a 24-inch O.D. pipe pile with 1/2-inch wall thickness

‘_ L2
Ap = 36.9'in

Moment of inertia of pile

|, = 2550"in"
p
The constant of horizontal subgrade reaction of the pile, provided by the

geotechnical engineer, is the same for the steel pile as it was for the concrete
pile, and is

Ny, = & pci

The equation for the flexural length of the pile in sail, L, to approximate the
horizontal flexural stiffness of the pile, is taken from Figure 3 in Design
Step 2.1.
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Design Step
6.1
(continued)

Design Step
6.1.1

Ten-Span Bridge with Open Pile Bents

- Ly = 1477t

The dimension Lf, is the flexural length along the pipe pile, from the pile top to
the assumed point of fixity in the soil. It includes the 5-foot pile length from
the mudiine to the bottom of the pile cap. See Figure 4 in Design Step 2.1.

Lf, =L, +5ft Lf, = 10.77ft

Flexural Stiffness Component (Plumb Pile)

a) Longitudinal Direction

As with the concrete pile, the connection of the steel pile-to-pile capis
considered fixed against rotation, but in the longitudinal direction, the
connection of the superstructure to the pile cap is assumed to be pinned.
Firet, calculate the equivalent pile length, L, for horizontal stiffness in the

longitudinal direction. The 4-foot depth of the pile cap must be added to the
previously calculated Lf,.

Lf, =19.77¢ Equivalent flexural length due to stiffness

L= L+ (4ft) Equivalent flexural length for longitudinal
stiffness

L =237+t

For a plumb pile with a pinned pile top, the equation for the horizontal
stiffness due to flexure is the same as that for a free cantilever. (Note the
subscripts O for zero batter and p for pinned pile top.)

E p= 29000 *ksi Modulus of elasticity of pile

IP = 2550+in" Moment of inertia of pile
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Design Step
6.1.1
(continued)

Ten-Span Bridge with Open Pile Bents

L =23.77 ft Equivalent pile length for longitudinal direction
oy - P (o = 867
Op Op T in

3
(1)
b) Transverse Direction

In the transverse direction parallel with the pile cap, the cap is restrained
against rotation about the longitudinal axis. The pile cap only translates, it
does not rotate in this direction. The top of the steel pipe pile is, therefore,
assumed fixed at the bottom of the concrete pile cap.

Note: Achieving fixity of a steel pipe pile connected to a concrete pile cap is
more difficult than with concrete piles. One method is to weld reinforcement
bars to the inside face of the pile and embed them into the pile cap.

Therefore, the equivalent length of pile calculated for stiffness is taken from
the bottom of the cap, and is the same length as Lf., previously calculated.
See Figure 5 in Design Step 2.1.1.

Lfg = 19.77ft Equivalent length due to stiffness
Ly=Lfg Equivalent length for transverse stiffness
LT =19.77ft

For a plumb pile with a restrained (or fixed) pile top, the equation for the
horizontal stiffness due to flexure is the same as for a fixed-fixed beam.
(Note the subscripts O for zero batter and r for restrained pile top.)

E p= 29000-ksi Modulus of elasticity of pile
lP = 2550-in" Moment of inertia of pile
Ly =10.77ft Equivalent-length for transverse stiffness
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Design Step
6.1.1
(continued)

Design Step
6.1.2

Ten-Span Bridge with Open Pile Bents

12°E | .
. PP kip
Kop = ——— kor = 665

(-

Flexural Stiffness Component (Batter Pile)

When a pile is battered 2:12 in the longitudinal direction (parallel to the length
of the bridge), the horizontal component of the fiexural stiffness is reduced as
the slope of the batter increases. See Appendix B.

As was discussed in Design Step 2.1.2, the horizontal stiffness, due to the
flexural component of a battered pile with a pinned pile top, is the same as for
a free cantilever, with an adjustment for the angle of the batter, a. (Note:
The length of the batter pile is defined along the pile, not along the vertical
length. See Figure & in Design Step 2.1.2.)

3E |
- PP 2
kfp = p (cos(a))

Lfg

Or, written in terms of the previously calculated term kp,, the horizontal
stiffness due to the flexural component of batter pile with a pinned top is

kfp = kop'(coe(m))2

ki
kOP = 9.6-—i;p Horizontal stiffness of plumb pile with pinned top

a o = 9.46-deg Angle of batter pile
For a 2:12 batter (Note: The “2” in the subscript is for the batter.)

2
kfzp = kOP(COQ(az))

Versus 9.6 for a plumb pile

n

kip
kfzp = 95'
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Design Step
6.2

Design Step
6.2.1

Design Step
6.2.2

Ten-Span Bridge with Open Pile Bents

Again, for most pile bent configurations, the effect of the batter on the
flexural stiffness can be neglected. In this design example, the actual

-calculated stiffness is used for consistency.

.Axial Stiffness Component

Determine the horizontal stiffmess of one batter pile, due to the axial “truss
action” of the pile. It is assumed that there are “pairs” of batter piles, with

each pile having another pile with an opposite batter to cancel the net vertical
deflection.

Because the work point of the steel batter pile is the same as for the
concrete piles, the equivalent pile length of pile for axial loads is the same as

in Design Step 2.2.

L, =41.67ft Equivalent pile length for axial stiffness

Axial Stiffness Component (Plumb Pile)

For simplification, the plumb piles are assumed not to develop any axial forces
when dispiaced horizontally.

Axial Stiffness Component (Batter Pile)

First the pure axial stiffness of a pile must be developed.

A p= 36.9+ir° Cross-sectional area of pile
E p= 29000 +ksi Modulus of elasticity of a pile
L, =467t Equivalent pile length for axial stiffness
A E ,
_pTp kip
K axial = ] K axial = 2140 —
2 in
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Design Step 6 — Horizontal Stiffness of Steel Piles Design Example No. 7
Ten-Span Bridge with Open Pile Bents

Design Step The horizontal stiffness component of a battered pile, due to axial effects only,
6.2.2 is the pure axial stiffness of the pile multiplied by 5in2(a). See Appendix B.

(continued)

A_E

4 : 2
Kpatter = —(sin(a))
La

Written another way

. 2
Kpatter = K axial (8in(@))

Calculate the horizontal stiffness due to axial truss action for a 2 on 12

batter pile.

kip — :
K axial = 2140°; Axial stiffness of a pile
a5 = 9.46-deg Angle of batter pile

The horizontal stiffness due to the axial stiffness component

kip

n

\ 2
k22 = kaxiai'(sm(az)) kaz =57.8-

Design Step Combined Stiffness of the Steel Pile

6'3
The total horizontal stiffness of a pile, due to the combined effects of both
flexural and axial stiffness, is the sum of the individual components. See
Appendix B.

Calculate the combined stiffness for a longitudinal 2 on 12 batter pile with
pinned top.

3-Ep~iP 5 A _E
k2p = —5—'(005(0{2)) +
(LL> a

(sin( )
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Design Step 6 — Horizontal Stiffness of Steel Piles

Design Example No. 7
Ten-Span Bridge with Open Pile Bents

Design Step Another way to express the same equation, in terms of previously defined
6.3 horizontal stiffness components, is
(continued) |

kzp = kfzp + kaz

' kip Flexural stiffness component, of a 2:12

kfop = 9.5 T batter pile with a pinned top

kan, = 57 5._ki_P Axial stiffness component

e in of a 2412 batter pile
Therefore, the total horizontal stiffness is
k kf k k 6741 p
= + Ka = e
2p 2p 2 2p in
Design Step Summary of Steel Pile Stiffness
6.4
A summary of horizontal steel pipe pile stiffness components used in this
design example is given in Table 5.
Table 5
Summary of Steel Pipe Pile Stiffness Components
Horiz Component Horiz Component Total Horiz
Due to Flexural Stiff Due to Axial Stiff Stiffness
Support Batter Angle ke (kip/in) k, (kip/in) (kip/in)
Pinned 0.00 9.6 0.0 9.6
Top 9.46 9.3 57.8 67.1
Fixed Top 0.00 66.5 0.0 66.5
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Design Step 7 — Bridge Option No. 4

DESIGN STEP 7

Design Example No. 7
Ten-Span Bridge with Open Pile Bents

BRIDGE OPTION NO. 4
One Bent with 2:12 Steel Batter Piles

The pile layout of Option No. 4 is the same as for Option No. 1in Design Step
3, except that steel pile piles are used instead of concrete piles. In Bent 5,
which is restrained to the Unit 2 superstructure, the layout consists of a
combination of batter and plumb piles. The other bents under the Unit 2

bridge have sliding bearings. Figure 19 shows the conceptual layout for
Option-No. 4.

BENT 3 BENT 7
? BNt 4 EBENTS  §oBENT 6 ?
i i

SLIDING (TYP)

(2) 2:12 BATTER

PILES (ES)
(3) PLUMB PILES (

ELEVATION — OPTION #4
(STEEL PILES)

FHWA Seismic Design Course

Figure 19 — Conceptual Layout of Piles,
Option No. 4
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Design Step 7 — Bridge Option No. 4 Design Example No. 7
Ten-Span Bridge with Open Pile Bents

Design Step 7.1 Longitudinal Seismic Force on Bent 5 Piles

The following items will be calculated for the bridge Unit 2 structure in the
longitudinal direction. Note that only forces in the longitudinal direction are
calculated in this design step. Forces for the transverse direction are
calculated in Design Step 8.2.

Seismic mass

Total horizontal stiffness

Period of the structure

Total seismic shear force

Elastic seismic deflection

Shear force in the batter pile

Axial and flexural components of the horizontal shear force
Corresponding axial force in the pile

File capacity as controlied by the soil

©OENO O~

Design Step Seismic Mass Wynit*g

7.1.1
In the configuration for Option No. 4, the participating mass of the system in
the longitudinal direction consists of the following.

1. Four spans of the superstructure
2. Onecap beam at Bent 5
3. The top 10 feet of seven piles in the Bent 5 cap

See Figure 20.

Therefore, the total dead load weight of the system, Wit . is
Wepan = 742.1kip Weight of one span of the superstructure
Wcap = 1134 -kip Weight of one bent cap beam

Note: The weight of a steel pipe pile is less than that of the concrete piles.

W pile = 1+kip Weight of one 10-foot length of steel pile pile

W unit = (4'W5pan) tWeapt (7'Wpile) Wuni = 3089 kip
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Design Step 7 — Bridge Option No. 4

Design Example No. 7
Ten-Span Bridge with Open Pile Bents
Design Step
7.1.1 . 288° UNIT 2 |
(continued)
& BENT 3 BENT 7
! EXP JT (TYP)

§ BENT 4

........................................................

§ BENT 5

§ BENT 6

!

‘

N
N

si's s ) s[s
| gé:',;% ™
] 7%
’ '\l‘\z
10 JlEE
(Tvp) E %ﬂlz
VAR 1S IO :
| R Gl \\—/////4* L
24”9 STEEL PIPE PILES
LEGEND
S = SLIDING
P = PINNED

/%) PARTICIPATING SEISMIC MASS

NON—PART ICIPAT ING MASS

ELEVATION — OPTION #4

Figure 20 — Seismic Mass Used for Longitudinal Direction,

Option No. 4
Design Step

Total Horizontal Stiffness kynit
7.1.2

Calculate the total stiffness in the longitudinal direction. Only Bent 5 is
pinned to the superstructure; therefore, it is the only bent that resists the

longitudinal seismic forces. Below is a2 summary of the pile types that are
oriented in the longitudinal direction.

FHWA Seismic Design Course
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Design Step
7.1.2
(continued)

Ten-Span Bridge with Open Pile Bents

One bent of four 2:12 batter piles plus three plumb piles, all with pinned tops.

: ki .
k2p = 67.1°'—p Horizontal stiffness of a 2:12 batter
" pile, pinned at the top
ki . . .
Kop = 0.6~ Horizontal stiffness of a plumb pile,
p in pinned at the top

Total stiffness of Bridge Unit No. 2 is

g
297~

Kunit = 4'k2p T 5'k0p k .

uhit =

See Table & for a summary of the stiffness components.

Table 6
Option No. 4, Longitudinal Stiffness

Bearing System Used: Bent 5 pinned, sliding bearings all other bents
File Configuration: (4) 2:12 batter piles + (3) equivalent plumb piles at Bent 5 only

Steel Pile Option No. 4 Unit No. 2 w/Steel Piles, Longitudinal Stiffness (kip/in)

Bent Number Bert 3 Bent 4 Bent 5 Bent © Bent 7 Total
Bearing Restraint at Bent Sliding Sliding Pinned Sliding Sliding

Number Plumb Piles, Np 0 0 o] 0 0 3
Horizontal Stiffness per Pile, k (kip/in) 0 0 9.6 0 0

Stiffness of Plumb Piles = N,k (kip/in) 0] 0] 28.6 0 0 28.6
Number of 2:12 Batter Piles, Ny, 0 0 4 0 o) 4
Horizontal Stiffness per Pile, k 0 0 671

Stiffness of Batter Piles = N,k (kip/in) 0 0 266.4 o o) 2084
Longitudinal Horizontal Stiffness of Unit No. 2 Bridge (kipfin) = 297
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Design Step
7.1.3

Design Step
7.1.4

Ten-Span Bridge with Open Pile Bents

Period of the Structure T
Winity = 3089 kip Total weight of the unit
ft
9= 32.2— Acceleration of gravity
s€C

The period of the structure in the longitudinal direction, per Equation 4-3 of
Division [-A, is

T=1.03%sec

Total Seismic Shear Force Veqr,
A =010 Seismic acceleration coefficient
S5 =12 Soil site coefficient

The elastic seismic response coefficient is calculated from AASHTO
Division I-A, Equation 3-1. Note that the units of seconds to the (2/3) power
maintains consistent units in Mathcad®,

2
‘ 1.2‘5@05-/\'5
5 " -

T5

Cg =041

Per AASHTO Division I-A, Article 3.6.1, the maximum value of Cs need not
exceed

C =25 A C

smax = 0.25

smax
Therefore, wse the actual value C 5 = 0141

The total equivalent static earthquake force is then
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Design Step 7 — Bridge Option No. 4 Design Example No. 7

Design Step
7.1.5

Design Step
7.1.6

Design Step
7.1.7

Ten-Span Bridge with Open Pile Bents

ch L = C5'W unit VGqL =436 klp
Elastic Seismic Deflection peq

' kip _

Kunit = 297-— Horizontal stiffness of the unit

in

The elastic deﬂcction due to the seismic shear force is, then, the force divided
by the stiffness. See Figure 10 in Design Step 3.1.5.

V@q L
A = A =147 in
e e
T Ky 4

Shear Force in the Batter Pile Veq

The total seismic shear is distributed proportionately to the relative stiffness
of the seven piles in Bent 5, which resist the entire seismic load of bridge Unit
No. 2. This force can be calculated by multiplying the stiffness of the
individual piles by the total deflection. The resulting horizontal force resisted
by each 2:12 batter pile with a pinned top is

ki
Koy, = 67.1-—E Horizontal tiffness of a 2:12 batter
P in oo .
pile with pinned top
A eq = 147 in Seismic deflection of the bridge
ch = kZP'A eq Veq:98.6 kip

Axial and Flexural Components of Horizontal Shear Force V, and Vi,

A portion of the horizontal force is resisted by an axial load in the batter pile,
while the remainder is resisted by fiexure in the pile. The shear carried by each
component is a simple ratio of its stiffness to the total stiffness.
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Design Step 7 — Bridge Option No. 4 Design Example No. 7
Ten-Span Bridge with Open Pile Bents

Design Step The total horizontal stiffriess of one 2:12 batter pile with pinned topis
7.1.7

(continued) , kip
k2p =0671—

n

The horizontal component of the total stiffness due to axial stiffness in the
pile is

ko, = 57857
an = Rokdum
2 in

The horizontal shear associated with the axial deformation is a ratio of the
axial to total horizontal stiffness of the batter pile.

ka2
V_i=—V Va=849kip
a € a
kop 4
The horizontal component of the total stiffness due to flexural stiffness in
the pile is
kip
f = . @ —
k 2p 9.5 »

The horizontal shear associated with the flexural deformation is a ratio of the
flexural to total horizontal stiffness of the batter pile.

Vm = — Vim =13.7 kip

Check that the total horizontal seismic force equals Veq.

ViV +Vv, V =98.6 kip okay
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Design Step 7 — Bridge Option No. 4 Design Example No. 7

Design Step
7.1.8

Design Step
7.1.9

Ten-Span Bridge with Open Pile Bents

Axial Forces

The resulting axial forces in the 2:12 batter pile are based on the shear force

Va and simple trigonometry.

V, =849 kip Horizontal shear force

a5 = 9.46-deg Angle of batter

The elastic axial force in the pile is either tension or compression, depending
on the direction of the EQ load.

Va

P, = — FP,=516ki Very large
a 5“’1((1 2) a P

Pile Capacity, as Controlled by thg Soil

From Design Step 1.5, the capacity of the pile (a5 controlled by the soil)

i5 (-)135 kips in tension, and (+)528 kips in compression. On inspection, it can
be seen that the required tension capacity of the soil will be much too large
with this pile layout. Determine the order of magnitude of the final axial loads.
The axial loads in the batter piles should not be reduced by the Response
Modification Factor R. This criterion should not be applied to the axial
component of batter piles in a pile bent. There is little energy dissipated in
truss-type action of batter piles except if the soil fails. The full elastic axial
forces are therefore used in this design example.

For Group Vil loading, per AASHTO Division I-A, Article 6.2.2, the load factors
are all 1.0. The maximum compression in the 2:12 batter piles, using the full
elastic force, is

FPpL = 128-kip DL reaction in pile (unfactored)
P4 =516 kip Full elastic seismic axial load
Pcompr = (1.0' PDL> + (1.0'Pa> Maximum compressive axial load

Pcompr: 644 kip > 528 kip, therefore NG

FHWA Seismic Design Course 3-83



Design Step 7 — Bridge Option No. 4 Design Example No. 7
Ten-Span Bridge with Open Pile Bents

Design Step The maximum tension in the 2:12 batter piles, under Group VIl loading using the
7.1.9 full elastic force is

(continued) :

Ptcn = PDL - Pa Maximum tensile axial load

Pren = -268 kip > (-N135 kip, therefore NG

Both the axial tension and compression exceed the soil capacity for the
Bent 5 piles.

Design Step Implications

7.2
The tension load exceeds the soil capacity by a large margin (-388 kip load
verses -135 kip capacity). The compression load in the pile also exceeds the
s0il capacity (644 kip verses 528 kip).

Therefore, look at other steel pile layout options at a preliminary level.

s InDesign Step 8, seven plumb piles are used in each bent and Bents 4, 5,
and 6 are pinned to the superstructure.

» InDesign Step 9, four 2:12 batter piles and three plumb piles are used in
Bents 4,5, and 6, and all three bents are pinned to the superstructure.
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Design Step 8 — Bridge Option No. 5 Design Example No. 7

DESIGN STEP 8

Ten-Span Bridge with Open Pile Bents

BRIDGE OPTION NO. 5
Bents 4, 5, and 6 with All Steel Plumb Piles

Figure 21 shows the conceptual layout for Option No. 5. The three middle
bents of the four-span bridge Unit No. 2 are pinned to the superstructure. All
the piles in all the bents are plumb piles. The pile layout of Option No. 5 is the
same as for Option No. 2 in Design Step 4, except that steel pile piles are
used instead of concrete piles.

? BENT 3 BENT 7
£ BENT 4 $ BENT 5 £ BENT 6
i

(TYP) (TypP)

(7) PLUMB PILES

ELEVATION — OPTION #5
(STEEL PILES)

FHWA Seismic Design Course

Figure 21 — Conceptual Layout of Piles,
Option No. 5
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Design Step 8 — Bridge Option No. § Design Example No. 7

Design Step
8.1

Design Step
8.1.1

Ten-Span Bridge with Open Pile Bents

Longitudinal Seismic Force on Pile Bents 4, 5, and 6

The following items will be calculated for the four-span bridge Unit 2 structure.
Note that only forces in the longitudinal direction are calculated in this design
step. Forces for the transverse direction are calculated in Design Step 8.2.

Seismic mass

Total horizontal stiffness

Period of the structure

Total seismic shear force

Elastic seismic deflection

Shear force in the pile

Axial and flexural components of the horizontal shear force
Corresponding axial force and flexural moment in the pile

PNOO A ON

Seismic Mass Wynit*g

In this design configuration, the participating mass of the system in the
longitudinal direction consists of the following.

1. Four spans of the superstructure
2. The three cap beams of Bents 4, 5, and 6
3. The top 10 feet of 21 piles in Bents 4, 5, and 6

See Figure 22.

Wspan = 742.1 kip Weight of one span of the superstructure
Wcap = 113.4 -kip Weight of one bent cap beam
W pile = 1.0 *kip Weight of one 10-foot length of pile

Therefore, the total dead load weight of the system, W

Wnit = (4'W5pan) * (5'Wcap) * (21'Wpilc>

unit» 19

Wit = 3330 kip
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Design Step 8 — Bridge Option No. 5 Design Example No. 7
Ten-Span Bridge with Open Pile Bents

Design Step
8.1.1

(continued) , 288" UNIT 2

[
& BENT 3 BENT 7 ¢
EXP JT (TYP) t

£ BENT 4 i BENT 5  § BENT 6

i;@%gggﬁ;@%é%%%%%%%%%@i%Z%%VQ%Z%%%é}%%é%%?’?%%iff

.......................... 294 T

L 7. L
Sgl;S 2 P s%| S
i % T

¥ 7
24”9 STEEL PIPE PILES
LEGEND
S = SLIDING
P = PINNED

/777774 PARTICIPATING SEISMIC MASS

- NON—PART ICIPAT ING MASS

Figure 22 — Seismic Mass Used for Longitudinal Direction,
Option No. 5

Design Step Total Horizontal Stiffness kynit

8.1.2
Calculate the total stiffness in the longitudinal direction. Bents 4,5, and 6
are pinned to the superstructure; therefore, they all contribute to the
longitudinal seismic stiffness. In addition, the weight of the pile caps and piles
of these bents contribute to the seismic mass of the bridge structure. Refer
to Table 5 in Design Step 6.3 for individual stiffness.
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Design Step 8 — Bridge Option No. 5

Design Step
8.1.2
(continued)

See Table 7.

kip

ig!

kunit := 21- kOp

Design Example No. 7
Ten-Span Bridge with Open Pile Bents

Total Horizontal Stiffness kynit

Three bents of seven plumb piles = 21 total plumb piles, all with pinned tops.

Horizontal stiffness of a plumb pile,
pinned at the top

Total stiffness of the bridge Unit No. 2

kip
kunit = 202 7~

Table 7
Option No. 5, Longitudinal Stiffness

Bearing System Used: Sliding bearings at Bents 3 and 7, pinned at Bents 4 to 6
Pile Configuration: All plumb piles participate at Bents 4, 5, and 6

Steel Pile Option No. 5 Unit No. 2 w/ Steel Piles, Longitudinal Stiffness (kip/in}

Bent Number Bent 3 Bent 4 Bent 5 Bent 6 Bent 7 Total
Bearing Restraint at Bent Sliding Sliding Pinned Sliding Sliding

Number Plumb Piles, Np 0] 7 7 7 0] 21
Horizontal Stiffness per Pile, k (kip/in) 0] 9.6 9.6 S.6 o]

Stiffness of Piumb Piles = Np'k (kip/in) 0] o672 672 072 0 2016
Number of 2:12 Batter Files, N, 0 0 0 0 0 0
Horizontal Stiffness per Pile, k 0 0 0.0

Stiffness of Batter Piles = Ny,"k (kip/in) ] 0 0.0 0.0
Longitudinal Horizontal Stiffness of Unit No. 2 Bridge (kip/in) = 202
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Design Step 8 — Bridge Option No. 5 Design Example No.7
Ten-Span Bridge with Open Pile Bents

Design Step Period of the Structure T

8.1.3
Wunit = 3330 kip Total weight of the unit
kip
kunit = 202 - F Horizontal stiffness of bridge Unit No. 2
g = 52.2'—2 Acceleration of gravity
s€ec

The period of the structure in the longitudinal direction, per Equation 4-3 of
Division I-A, is

T=130 sec

Design Step Total Seismic Shear Force Veqy,
8.1.4

A = 0.10 Seismic acceleration coefficient
S =12 Soil site coefficient

The elastic seismic response coefficient is calculated from AASHTO
Division I-A, Equation 3-1. Note that the units of seconds to the (2/3) power
maintains consistent units in Mathcad®.

2
. 1.2-sec3-/\-6
s~ 5

TZ>

C C, = 0121

FPer AASHTO Division 1-A, Article 3.6.1, the maximum value of C5 need not

exceed
Comax = 25°A Camax = 025
Therefore, use the actual value Ce = 0121
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Design Step 8 — Bridge Option No. 5 Design Example No. 7
Ten-Span Bridge with Open Pile Bents

The total equivalent static earthquake force is then

chL =C 5'Wunit Veg =403 kip
Design Step Elastic Seismic Deflection peq
8.15
kip
kunit = 202 - F Horizontal stiffness of the unit

The elastic deflection due to the seismic shear force is then the force divided
by the stiffness

VCqL
A eq = y

A €q =2.00in
unit

Note that this deflection is much larger than the deflection associated with
Option No. 4, which has batter piles (2.05 verses 1.48 inches). This deflection
must be accommodated at the expansion joints at Bents 3 and 7. The
absolute value of the seismic deflection of the two adjoining bridge units must
be added together. The gap between the ends of the superstructure units
should be equal to or greater than this dimension.

Design Step Shear Force in Each Plumb Pile Veq
8.1.6

This seismic load is distributed proportionately to each of the three bents
resisting the seismic force based on their relative stiffnesses. Because the
stiffnesses of all bents are equal, each will take an equal proportion of the
seismic shear. Because all piles are identical, each will take an equal
proportion of the bent seismic shear.

The flexural shear force resisted by each of the 21 plumb piles in the
longitudinal direction is

Veq L
Veq = 5, Veq =

19.2 kip
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Design Step 8 — Bridge Option No. § Design Example No. 7
Ten-Span Bridge with Open Pile Bents

Design Step Shear Force in Each Plumb Pile Veq

8.1.6

(continued) This result should be the same as that yielded by multiplying the defliection
times the stiffness of an individual plumb pile.

ki
Kop = 9.6~—E Stiffness of a plumb pile
p in
Aeq =202 in Seismic deflection of the bridge
veq = kOP'A eq Veq=19-2kip  The same, okay

Design Step Axial and Flexural Components of Horizontal Shear Force V, and Vp,
8.1.7

For Option No. B, with all plumb piles, it is assumed that there are no axial
forces due to seismic loads in the longitudinal direction.

Va = O-kip

V=Yg VL =19.2kip

Design Step Axial Forces and Flexural Moment in Each Pile P53 and M7,

8.1.8
There are no axial forces in the plumb piles for Option No. 5.

P, = 0Okp

The bending moment in each of these piles is based on the length in the soil for
flexure, Ly, shown in Figure 13 in Design Step 4.1.8.

E, = 29000+ksi
= 2550 «in"
n h = 50'PCI
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Design Step 8 — Bridge Option No. 5 Design Example No. 7

Design Step
8.1.8
(continued)

Ten-Span Bridge with Open Pile Bents

ny = 8.0-pci
Ep'lp

L, =078
.m n,

Ly = 640

Then the dimension Lf,, is conservatively taken as the flexural length along the
pile, from the top of the pile cap to the assumed point of maximum bending
moment.

Lfm = Lm +5ft + 4f¢ Lfm = 15.4-ft

The moment in the longitudinal direction (assuming no fixity at the top of the
pile) is
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Design Step 8 — Bridge Option No. 5 Design Example No. 7

Design Step
8.2

Design Step
8.2.1

Ten-Span Bridge with Open Pile Bents

Transverse Seismic Force on Pile Bent 5

Only forces in the transverse direction are calculated in this design step.

Forces for the longitudinal direction were calculated in Design Step 8.1.

In this design step, the following items will be calculated for the typical bent in

the transverse direction, assuming that each bent takes a tributary load.
Tributary load is used, because, by inspection, the transverse stiffness of the
superstructure is 50 large by comparison to the transverse stiffness of the
pile that the structure will move as a rigid body.

Seismic mass

Total horizontal stiffness

Period of the bent

Total seismic shear force

Elastic seismic deflection

Shear force in each pile

Corresponding axial force and flexural moment in the outboard piles

N®O O s mp S

Seismic Mass Ppent*g

In this design configuration, the participating mass of the bent in the
transverse direction consists of the following.

1. One tributary span of the superstructure
2. One cap beam
3. The top 10 feet of seven piles in each bent

The tributary dead load at each pile bent system, Phent: i9

Wapan = 742.1 kip

WCZP = 115.4‘ kip

W pitg = 1.0"Kip

Prent = Wapan ™ Weap t 7W Phent = 863 kip

pile
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Design Step
8.2.2

Design Step
8.2.3

Design Step
8.24

Ten-Span Bridge with Open Pile Bents

Total Horizontal Stiffness kpent

Calculate the stiffness of a typical bent in the transverse direction. Each
typical bent resists its own tributary seismic shear.

Each typical bent has seven plumb piles

ki : : .
Kop = 665~ Horizontal stiffness of a plumb pile,
in fixed at the top

Stiffness of a typical bent

Kip

Kpent = 7Kor Kpent = 466+
Period of the Structure T

The tributary weight of the bent is

Pbent = 863 kip

ft
g9 = 52.2';; Acceleration of gravity

The period of the structure in the transverse direction, per Equation 4-3 of
Division I-A

T:= T = 0.44+sec

Seismic Shear Force Veqr

A =010 Seismic acceleration coefficient
S5 =12 Soil site coefficient
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Design Step 8 — Bridge Option No. 5 Design Example No. 7
Ten-Span Bridge with Open Pile Bents

Design Step The elastic seismic response coefficient is calculated from AASHTO
8.24 Division I-A, Equation 3-1. Note that the units of seconds to the (2/3) power
(continued) maintains consistent units in Mathcad®,

Cg4 = 0251

Per AASHTO Division I-A, Article 3.6.1, the maximum value of C5 need not exceed

C =25A C

smax =025

smax

Therefore, wBe the maximum value Comax = 0.25
The total equivalent static earthquake force is then
Veat = Cgmax Phent Veq 1 = 216+kip

Design Step Elastic Seismic Deflection peq
8.2.5
kip
Kpent = 466+— Horizontal stiffness of the bent
in

The elastic defiection due to the seismic shear force is then the force divided
by the stiffness.

Veq 1
A

‘A ea = 0.46+in

eq q

Kpent
See Figure 14 in Design Step 4.2.5.

Design Step Shear Force in Each Plumb Pile Veq

8.2.6
This seismic load is distributed evenly between the seven plumb piles in each
bent.
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Design Step
8.2.6
(continued)

Design Step
8.2.7

Ten-Span Bridge with Open Pile Bents

Shear Force in Each Plumb Pile Veq

The flexural shear force resisted by each of the seven plumb piles in the
transverse direction is

VCq T

Vaq = Z ng = 30.9-kip

This result should be the same as that yielded by multiplying the deflection
times the stiffness of an individual plumb pile.

o = 66.5-%? Stiffness of plumb pile, fixed at the top
A eq = 0.46+in Seismic deflection of the bridge

veq = koA eq Veq = 30.9+kip The same, okay
VT:zch V1 =30.9-kp

Corresponding Axial Forces and Flexural Moment in the Outboard Piles
a) Check the Outboard Piles for Axial Tension Due to Frame Action

Veg 1 = 216+kip Shear on the bent

The distance from the assumed point of fixity of the pile to the center of the
mass of the superstructure is from Design Step 8.1.8.

Ly, =040t Length due to flexure
L=l (5ft)+ (4ft)+ (3f) L =184-ft
The overturning moment in the bent is

M ot T Veq L Moy = 3974 kip ft
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Design Step
8.2.7
(continued)

Ten-Span Bridge with Open Pile Bents

Corresponding Axial Forces and Flexural Moment in the Outboard Piles

The section modulus of the seven piles resisting overturning in the transverse
direction is

Adsq = 2 (1875 + 1252 + 625 #2

2
Adsq = 1094+ ft
The outside piles are spaced a distance of

z = 0025t z =375t

The outside piles will have a seismic axial load (tension) of

z
M otE
Pa = Pa = 66.1kip Okay
/\déq
FpL = 1285-kip Dead load of pile
Pten = PpL - Pa > O; therefore, zero tension

The axial load due to the transverse seismic shear is small, and does not
overcome the axial dead load in the piles. Because it was assumed there is no
axial load in the plumb piles due to longitudinal seismic forces, the combined
axial load effect is okay by inspection.

b) The Bending Moment in Each of These Piles Is Based on the Length in
the Soil for Flexure, Ly,

The equivalent length of pile in the soll, Ly, to approximate the flexural length
of the pile, from Design Step £.1.8, is

Lm = 64'f't
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Design Step 8 — Bridge Option No. 5

Design Step
8.2.7
(continued)

FHWA Seismic Design Course

Design Example No. 7
Ten-Span Bridge with Open Pile Bents

The dimension Lfm is the flexural length along the pile, from the bottom of the
pile cap to the assumed point of fixity in the soil, for bending moment.

=L, +5ft Lf,, = N4-fr
The moment in the transverse direction is approximately

Lfm
M T = veq"‘? MT = 176'k1p'ﬁ;
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Design Step 8 — Bridge Option No. 5 Design Example No. 7

Design Step
8.3

Design Step
8.3.1

Ten-Span Bridge with Open Pile Bents

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

Because there is no cross coupling of forces in the transverse and
longitudinal directions (no transverse moments caused by longitudinal forces
and vice versa), all the piles are assumed to carry the same shear and
moment.

Pile Shear

A summary of the shear forces on a Bent 5 pile is given below.
Vi =19.2kip Longitudinal shear on pile

V1 = 309-kip Transverse shear on pile

a) Load Case 1 (100 Percent Global Longitudinal plus 30 Percent Global
Transverse)

Resulting longitudinal shear force
Vi = (10v)) Vi =19.2kip
Resulting transverse shear force

b) Load Case 2 (30 Percent Global Longitudinal plus 100 Percent Global
Transverse)

Resulting longitudinal shear force
Resulting transverse shear force

Vor = (1.o-vT> Vor = 30.9+kip
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Ten-Span Bridge with Open Pile Bents

Design Step Pile Moment
8.3.2
A summary of the moment forces on Bent 5 pile is given below.

M| =296 ft kip Longitudinal moment on pile

M1 = 176+ f-kip Transverse moment on pile

a) Load Case 1 (100 Percent Global Longitudinal plus 30 Percent Global
Transverse)

Resulting longitudinal moment

M = (10M) My = 296 ft kip
Resulting transverse moment

Mir = (0.3 M) My = 528+ frekip

b) Load Case 2 (30 Percent Global Longitudinal plus 100 Percent Global
Transverse)

Resulting longitudinal moment

Mo = (03M)) Moy = 88.8 ft kip
Resulting transverse moment
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Design Step
8.4

Design Step
84.1

Ten-Span Bridge with Open Pile Bents

Modified Design Forces in Bent 5 Plumb Pile
[AASHTO Division I-A, Article 6.2.2]

Summa.ry of Elastic Forces

a) Elastic Shear Force in Pile

Summary for Load Case 1

V1T = 95'klp V1L =19.2 k!p

For preliminary design, it is conservative to calculate the resultant shear in
the pile as shown below, and check it against the shear capacity in the major
axes. The resultant shear is

_ I 2 2 _ .
Vu1 = V1T +V1L VU1—215 klp

Summary for Load Case 2

Again, find the resultant shear force.

2 2
Vg = ,JVZT +VoL

vV u2 = 3.4 -kip <--- Controls

b) Elastic Biaxial Moments in Pile

Summary for Load Case 1

M T= 52.5’ﬁ'kip M“_ =296 & kip
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Design Step 8 — Bridge Option No. 5 Design Example No. 7
Ten-Span Bridge with Open Pile Bents

Design Step Refer to Design Step 4.4.1(b) for commentary on calculating the resultant

8.4.1 moment.
(continued) .
2 2
Myt = 4/M1T My
M1 = 301 ft kip <--- Controls

Summary for Load Case 2
Mo = 176-ft-kip Mo = 88.8 ft kip

Again, find the resultant moment force.

’ 2 2 .
MU2 = MZT + M2L Mu2=197ﬁ3 klp

Design Step Modified Design Forces
8.4.2 [AASHTO Division I-A, Article 6.2.1]

According to Table 3 of AASHTO Division I-A, Article 3.7, the R Factor for
steel pile bents, with all vertical piles, is R = 5. Per the exception noted in this
referenced section, the full R value is used for pile bents. Assume that the
dead load shear and moment forces equal zero in the piles.

a) Modified Shear Forces in Pile Vy,

Vo = 3l4-kip Controlling resultant shear force in pile

R:=5 Response Modification Reduction Factor
V2 )

Vuv=—R- V,=63kp

It should be noted that discussion is presently taking place regarding whether the
shear force should be divided by R for shear in SPC B. See Gieger et al.
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Design Step
8.4.2
(continued)

Design Step
8.5

Design Step
8.5.1

Design Step
8.5.2

Ten-Span Bridge with Open Pile Bents

b) Modified Moment Forces in Pile My,

The controlling resultant moment is from Load Case 1.

Mm =301 kip ft Controliing resultant moment in pile

R=5 Response Modification Reduction Factor
Mt

Mu=? M, =60 ftkip

Design the Bent 5 Piles

Shear Design

The shear design of the pile is not shown in this design example.
Design the Pile for Flexure

The maximum factored moment in the longitudinal direction is
M, =60 kip ft

The section modulus of the 24-inch pipe pile is

5 = 2125

The bending stress in the pile is

Mu :
f,=— fy, = 3.4 ksi
b 5 b

The bending stress is so low, that by inspection, the combined stresses are
okay. Because of the short clear height above the soil, it was assumed that
the moment magnification is small, and that the pile is supported by the soil.
The dead load times the elastic deflection was not included in this design
example.
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Design Step 9 — Bridge Option No. 6 Design Example No. 7
Ten-Span Bridge with Open Pile Bents

DESIGN STEP 9 BRIDGE OPTION NO. 6
Bents 4, 5, and 6 with 2:12 Steel Batter Piles

Figure 23 shows the conceptual layout for Option No. 6. All the middie bents
of the four-span Bridge Unit 2 are pinned to the superstructure. Four of the
seven piles in the bents are 2:12 batter piles. The other three are plump piles.
The pile layout of Option No. 6 is the same as for Option No. 3 in Design

Step 5, except that steel pile piles are used instead of concrete piles.

BENT 3 BENT 7 §
€ BENT4 § BENT 5 EBENT 6 |
| |

T
T T =
]PINNED-// 455:737;3%%

(TYP) (TYP)

J . 1
(2) 2:12 BATTER PILES (ES)

(3) PLUMB PILES

ELEVATION — OPTION #6
(STEEL PILES)

Figure 23 — Conceptual Layout of Piles,
Option No. 6

Design Step Longitudinal Seismic Force on Pile Bent 5
9.1

The following items will be calculated for the four-span bridge Unit 2 structure.
Note that only forces in the longitudinal direction are calculated in this design
step. Forces for the transverse direction are calculated in Design Step 8.2.
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Design Step
9.1
(continued)

Design Step
9.1.1

©ONOHOIGLD

Ten-Span Bridge with Open Pile Bents

Seismic mass

Total horizontal stiffness

Period of the structure

Total seismic shear force

Elastic seismic deflection

Shear force in the batter pile

Axial and flexural components of the horizontal shear force
Corresponding axial force in the pile

Pile capacity as controlled by the soil

Seismic Mass Wynit*g

The seismic mass for Option No. & is the same as for Option No. 5. See
Design Step &.1.1 and Figure 24.

unlt = 3330 kip

288° UNIT 2

i
BENT 3 BENT 7 &
EXP JT (TYP)

£ BENT 4

:
!

?, BENT 5 $ BENT 6

24"p STEEL PIPE PILES

LEGEND
S = SLIDING
P = PINNED

Y /777 PARTICIPATING SEISMIC MASS

i NON—-PART ICI1PATING MASS

FHWA Seismic Design Course

Figure 24 — Seismic Mass Used for Longitudinal Direction,
Option No. 6
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Design Step 9 — Bridge Option No. 6 Design Example No. 7
' Ten-Span Bridge with Open Pile Bents

Design Step Total Horizontal Stiffness kynit

9.1.2
Calculate the total stiffness of bridge Unit 2 in the longitudinal direction.
Bents 4, 5, and 6 are pinned to the superstructure; therefore, they all
contribute to the longitudinal seismic stiffness. Refer to Table 5 in Design
Step 6.3 for individual stiffnesses. Each of the three bents consists of four
piles with 2:12 batter plus three plumb piles.

ki
k2p = 67.1-—_—P Horizontal stiffness of a 2 on 12 batter
" pile, pinned at the top
- 0. G,ﬂ’ Horizontal stiffness of a plumb pile,
Op in pinned at the top

Total stiffness of bridge Unit No. 2 is

Kip
Kunit = 5'<4'k2p + 3'k0p> _ Kunig = 892°—

See Table 8.
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Design Step 9 — Bridge Option No. 6

Design Step

Design Example No. 7
Ten-Span Bridge with Open Pile Bents

9.1.2
(continued)

Table 8
Option No. 6, Longitudinal Stiffness

Bearing System Used: Sliding bearings at Bents 3 and 7, pinned at Bents 4 to 6

Pile Configuration: (4) 212 batter piles + (3) equivalent plumb piles at Bents 4, 5, and &

Steel Pile Option No. &

Unit No. 2 w/Steel Piles, Longitudinal Stiffness (kip/in)

Bent Number Bent 3 Bent 4 Bent 5 Bent & Bent 7 Total
Bearing Restraint at Bent Sliding Sliding Pinned Sliding Sliding

Number Plumb Piies, N, 0 3 3 3 o 9
Horizontal Stiffness per Pile, k (kip/in) 0 9.6 9.6 9.6 0

Stiffness of Plumb Piles = Np "k (kip/in) 0 28.8 28.8 28.8 0] 86.4
Number of 2:12 Batter Piles, Ny, 0 4 4 4 0] 12
Horizontal Stiffness per Pile, k O ©7.1 7.1 67.1

Stiffness of Batter Piles = Ny*k (kip/in) o) 268.4 268.4 265.4 0 &05.2
Longitudinal Horizontal Stiffness of Unit No. 2 Bridge (kip/in) = 892

Design Step Period of the Structure T
9.1.3
W nit = 3330 kip
ft
g = 52.2'-—5
sec
Division I-A, is
T=2n |——
FHWA Seismic Design Course

Total weight of the unit
from Design Step 8.1.1

Acceleration of gravity

T=0.62sec

The period of the structure in the longitudinal direction, per Equation 4-3 of
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Design Step 9 — Bridge Option No. 6 Design Example No. 7

Design Step
9.14

Design Step
9.1.5

Ten-Span Bridge with Open Pile Bents

Total Seismic Shear Force Veqy,

A = 010 Seismic acceleration coefficient
=12 Soil site coefficient

The elastic seismic response coefficient is calculated from AASHTO
Division I-A, Equation 3-1. Note that the units of seconds to the (2/3) power
maintains consistent units in Mathcad®.

2
1.2-5505-/4\- o)
s T T2

T5

C,=0.198

Per AASHTO Division I-A, Article 3.6.1, the maximum value of C5 need not
exceed

C = 25A C

s - =025

smax
Therefore, wse the actual value Cg =0.198

The total equivalent static earthquake force is then
Vea | = ComacW unit Veq = 659 kip
Elastic Seismic Deflection peq

ki
k unit. = 6592-—P Horizontal stiffness of the unit
in

The elastic deflection due to the seismic shear force is, then, the force divided
by the stiffnesses. See Figure 10 in Design Step 3.1.5.

VCq L

A = A =0.74 in
e €
4 K unit 1
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Design Step 9 — Bridge Option No. 6 Design Example No. 7

Design Step
9.1.6

Design Step
9.1.7

Ten-Span Bridge with Open Pile Bents

Shear Force in the Batter Pile Veq

The total seismic shear is distributed proportionately to each pile based on
its relative stiffness. The force in each pile can be calculated by multiplying
the stiffness of the individual pile by the total deflection. The resulting
horizontal force resisted by each 2:12 batter pile with a pinned top is

ki
k2p = 67.1-—'—Fg Stiffness of a 2:12 batter pile
in
A eq = 0.74 in Seismic deflection of the bridge
veq = kZP'A eq ch=49'7 kip

Axial and Flexural Components of Horizontal Shear Force V; and Vi

A portion of the horizontal force is resisted by an axial load in the batter piles
while the remainder is resisted by flexure in the pile. Before the axial force and
flexural moment can be calculated, the relative stiffness of the axial and
flexural contribution to the horizontal stiffness must be considered. The
shear carried by each component is expressed as a simple ratio of its
stiffness to the total stiffness

Total stiffness of one 2:12 batter pile with pinned top

kip
k 2p = ©671—

n

The horizontal component of total stiffness due to axial stiffness in the pile is

kip

n

ka, = 57.8¢
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Design Step 9 — Bridge Option No. 6 Design Example No. 7
Ten-Span Bridge with Open Pile Bents

Design Step The horizontal shear associated with the axial deformation is expressed as a
9.1.7 ratio of the axial to total horizontal stiffness of the batter pile.

(continued)
ka 2
V= r'ch Va =428 kip
2p
The horizontal component of total stiffness due to flexural stiffness in the pile
is
kf 0.3 p
2p = in

The horizontal shear associated with the flexural deformzation is expressed as
a ratio of the flexural to total horizontal stiffness of the batter pile. This
force is used to calculate the fiexural shear and moment in the pile.

Vim = 0.9 kip

Check that the total horizontal seismic force equals Veg,
ViV _ +V V =49.7 kip okay

Design Step Axial Forces and Flexural Moment in the Piles
9.1.8

The resulting axial forces in the 2 on 12 batter pile are based on the shear
force V4 and simple trigonometry.

V,=49.7kip Horizontal shear force

a, = 9.46-deg Angle of batter

The elastic axial force in the pile is either tension or compression, depending
on the direction of the EQ load.

Va

P P, = 302 kip

) sin(Q 5)
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Design Step 9 — Bridge Option No. 6 Design Example No. 7

Design Step
9.1.9

Ten-Span Bridge with Open Pile Bents

Pile Capacity, As Controlled by the Soil

From Design Step 1.5, the capacity of the soil is (-)135 kips in tension, and
(+)528 kips in compression. Determine the magnitude of the final axial loads.

The Response Modification Factor R should not apply to the axial component

of the batter piles in a pile bent. There is little energy dissipated in truss-type
action of batter piles. The full elastic axial forces are, therefore, used.

For Group Vit loading, per AASHTO Division I-A, Article 6.2.2, the load factors
are all 1.0. The maximum compression in the 2:12 batter piles, under Group VI

loading using the full elastic force, is

PpL = 126-kip Dead load reaction in a pile (unfactored)
Pa = 302 kip Full elastic seismic axial load

Pcompr = (1.0~ PDL) + (1.0' Pa> Maximum compressive axial load
P

compr = 430 kip < 528 kip, therefore, ok

The maximum tension in the 2:12 batter piles, under Group Vil loading using the
full elastic force is

Ptcn =P DL~ Pa Maximum tensile axial load

Pren = -174 kip > (-)125 kip, close but NG

The maximum compression load in the pile is less than the soil compression
capacity, but the tension capacity of the soil exceeds the capacity by a small
amount.

Therefore, go on to Design Step 9.3 for the implications of the pile layout for
Option No. 6.
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Ten-Span Bridge with Open Pile Bents

Design Step Implications

9.2
The full elastic forces were used in the analysis in Design Step 9.1.8(a). The
capacity of the soil exceeded or was close to the loads. The pile length could
be increased slightly to provide the necessary capacity.

Therefore, this pile layout can be made to resist the seismic forces of the
bridge. Unlike Option No. 4 where only one bent had batter piles, this option
contains more batter piles to share the horizontal shear force. The additional
length of pile required to resist the tension loads is reasonable.

FHWA Seismic Design Course 3-112



Design Step 10 — Summary of Results Design Example No. 7
Ten-Span Bridge with Open Pile Bents

DESIGN STEP 10 SUMMARY OF RESULTS

Six pile options were looked at in the preliminary design: three pile
layouts with concrete piles and three with steel piles. Figure 25 shows a
summary of the conceptual pile layout options. Table 9 is a summary of
the number of restrained piles in each bent.

CONCRETE PILE OPTIONS DESIGN STEP

yol o) je) e
#1 m 3.0

o TTTTC
S I S

STEEL PILE OPTIONS DESIGN STEP

el gl o) g
#4 m 7.0

o TTTTC e
o TTRTC e

Figure 25 — Summary of Pile Layout Options

FHWA Seismic Design Course 3-113




Design Step 10 — Summary of Results Design Example No. 7

DESIGN STEP 10
(continued)

Ten-Span Bridge with Open Pile Bents

Table 9
Summary of Restrained Piles

Pile Layout Pile No. of Bents No. of Longitudinally Restrained Piles
Option No. | Material | Restrained Longit. Plumb 212 Batter

1 1 k) 4

2 Concrete 3 21 0

o) o) 9 12

4 1 ) 4

5 Steel o) 21 0

6 o) 9 12

Below are two tables that summarize the analysis results. Table 10
summarizes the results for bridge Option Nos. 1, 2, and 3 using 24-inch-
square concrete piles. Table 11 summarizes the results for bridge Option
Nos. 4, 5, and 6 using 24-inch-diameter steel pipe piles.

An important observation is that the decision to use batter piles must be
made carefully in a seismic region. This is not to say they should not be
used. There are nonseismic issues not addressed in this example that may
make it desirable to use batter piles. However, if batter piles are used, the
designer must be aware of the seismic issues. This effect becomes more
important as the seismic acceleration coefficient increases.

In this design example, even with a very low seismic coefficient of A = 0.10,
all four options with batter piles (Option Nos. 1, 3, 4, and 6) had pile loads
that exceeded their capacity. All had tension loads in the pile that were
too large. The all-batter pile options (Nos. 3 and 6) had compression loads
that are acceptable, and tension loads that are manageable with longer
piles.
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Design Step 10 — Summary of Results

DESIGN STEP 10

Design Example No. 7
Ten-Span Bridge with Open Pile Bents

(continued)

Table 10
Summary of Option Nos. 1, 2, and 3

with Concrete Piles

Longitudinal Direction Transverse

Concrete Pile Options Units Option No. 1 |Option No. 2 |Option No. 3 |Direction

Seismic Mass, W kip 3124 3435 3435 898
Total Stiffness, k kip/in 587 258 1761 583
Period, T sec 0.74 117 0.45 0.40
Seismic Response Coef, C, (Max. 0.25) 0176 013 0.246 0.25
Total Seismic Shear, Veg kip 550 447 845 225
Elastic Deflection, A in 0.94 1.73 0.48 0.29
Seismic Shear per Pile, Veq kip 129.3 213 66.0 2.1
Seismic Axial Load in Pile, P, kip 78 NA 566 73
Max. Pile Tension, Piep kip -590 NA -2386 NA
Max. File Compression, Pcompr kip 846 NA 494 NA
Max. Pile Moment, M kip-ft NA 340 NA 192

FHWA Seismic Design Course
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Design Step 10 — Summary of Results

DESIGN STEP 10

Design Example No. 7
Ten-Span Bridge with Open Pile Bents

(continued)
Table 11
Summary of Option Nos. 4, 5, and 6
with Steel Piles

Longitudinal Direction Transverse
Steel Pile Options Units Option No. 4 |Option No. 5 |Option No. 6 |Direction
Seismic Mass, W kip 3089 3330 3330 863
Total Stiffness, k Kip/in 297 202 892 4006
Period, T seC 1.03 1.30 0.62 0.44
Seismic Response Coef, C, (Max. 0.25) 0141 0.121 0.198 0.25
Total Seismic Shear, Veg kip 436 403 059 216
Elastic Deflection, A in 147 2.00 0.74 0.46
Seismic Shear per Pile, Veq kip 98.6 19.2 49.7 20.9
Seismic Axial Load in Pile, P, kip 516 NA 202 (515]
Max. File Tension, Py, kip -588 NA -174 NA
Max. Pile Compression, Pcompr kip 644 NA 430 NA
Max. Pile Moment, M kip-ft NA 296 NA 176

FHWA Seismic Design Course
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Design Step 10 — Summary of Results Design Example No. 7

DESIGN STEP 10
(continued)

Ten-Span Bridge with Open Pile Bents

In Option Nos. 1 and 4, using only one bent with batter piles to resist all
the longitudinal seismic shear, the pile tensions were very large in
comparison to the capacities. Any time that batter piles are present, the
resulting stiffness of the system will be large, which in turn results in a
large seismic shear. If batter piles are used, there should be enough of
them to share the load.

Option Nos. 2 and 5, with all plumb piles in the bents, had low axial loads
and acceptable moments in the piles. Because of the flexibility in the
system, the stiffness was low enough not to attract large seismic shears.
However, if the clear height of the piles were much longer, it would become
more difficult to use all plumb piles without going to a larger pile diameter.
The disadvantage of using all plumb piles is that the deflections are much
larger than with the stiffer batter pile systems.

In this example, where the clear distance between the top of the pile and
the mudline is small, the flexural stiffness of the pile can be significant
relative to the magnitude of the horizontal component caused by the axial
stiffness. With tall clear height piles, the flexural component becomes
insignificant compared to the stiff axial load path.

FHWA Seismic Design Course 3-117






Appendix A
Geotechnical Data







Appendix A — Geotechnical Data

APPENDIX A

SUBSURFACE
CONDITIONS

SOIL
PROPERTIES

SOIL PROFILE
TYPE

SITE
ACCELERATION

FOUNDATION
DESIGN

Design Example No. 7

GEOTECHNICAL DATA

Subsurface conditions were derived from two borings drilled along the
bridge alignment. As shown on Figure Al, the subsurface conditions
consist of 200 feet of fine-grained, cohesionless alluvial deposits consisting
of alternating layers of medium dense, silty fine sand, and fine sandy silt.
The water table is essentially at 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 (N-values) in the borings. Laboratory
tests may provide more detailed design values.

Type II — Deep cohesionless where the soil depth exceeds 200 feet and the
soil types overlying the rock are stable deposits of sand and gravel.

0.10g — Taken from AASHTO seismicity map.

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

Alternative 1: 24-inch-square prestressed concrete pile foundations,
60-foot design length, embedded 55 feet in the soil.

Tension
Critical Depth = 15 x diameter = 30 feet (assumed for medium dense sand)

QT ult = fspI-‘ = Ktov avg (tan 3) pL

where
QT ult 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 (60°-5"-30" = 25") (ksf)

FHWA Seismic Design Course A-1
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FOUNDATION 8 angle of friction between soil and steel pile (= 0.9¢)
DESIGN
(continued) p surface area of pile (8 feet)
L length of embedment of pile below ground surface (feet)

Qrut = 0.65 (30" x 0.0576kef x 1/2) [tan (0.9 x 34)] (8°)(30")
+ 0.65 (30" x 0.0576kef)[tan (0.9 x 34)}(8°X(25")
= 79.7 + 132.8 = 213 kips

Compression

Qcult =Atq + KcOvavg (tan §) pL

where
Qc uit ultimate compression capacity of single pile (kips)
K. coefficient of lateral earth pressure
(assumed as 1.5 for compression)
gt tip resistance (ksf)
Ov Nq = where Nq = 40 for ¢ = 34°
A area of tip of pile = 4ft2

Qcut = (4 t2)X(30" x 0.0576kef)(40)
 +(1.5)(30" x 0.0576kef x 1/2)[tan (0.9 x 34))(8°X30")
+ (1.5)(80" x 0.0576kef)[tan (0.9 x 34)1(8°)X(25")
= 276.5 + 183.9 + 306.6 = 767 kips

Alternative 2: 24-inch-diameter closed-end pipe pile foundations, 60-foot
design length, embedded 55 feet in the soil.

Tension
Critical Depth = 15 x diameter = 30 feet (assumed for medium design sand)

Qrut = fPL = KOy 5y, (tan §) pL
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Appendix A — Geotechnical Data

Design Example No. 7

FOUNDATION where
DESIGN
(continued) | Qpyuy 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 (60°-5°-30" = 25°) (ksf)

S average of the angle of friction between soil and steel pile
(=0.9¢)

P surface area of pile (6.28 feet)

L length of embedment of pile below ground surface (feet)

Qruit = 0.65(30" x 0.0576kef x 1/2)[tan (0.75 x 34)]1(6.28")(30")
+0.65 (30" x 0.0576kcf)[tan (0.75 x 34)1(6.287)(25")
=50.5 + 84.1 = 135 kips

Compression

Qcult =Atq + KcOvavg (tan 8) pL

Where:

Qc ult ultimate compression capacity of single pile (kips)

K. coefficient of lateral earth pressure
(assumed as 1.5 for compression)

q tip resistance (ksf)
ov Ny = where N = 40 for ¢ = 34°

A, area of tip of pile = 3.14 ft2

Qcut =  (8.14 £t2)(30" x 0.0576ke)(40)

+ (1.5)(30" x 0.0576kef x 1/2)[tan (0.75 x 34)1(6.287)(30")
+ (1.5)(30" x 0.0576kcf)[tan (0.75 x 34))(6.28°)(25")
=217.0 + 116.5 + 194.1 = 528 kips
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FOUNDATION
DESIGN
(continued)

OTHER
CONCERNS

REFERENCES

Lateral Pile Resistance

The constant of horizontal subgrade reaction, ny,, depends on the relative
density of the soil, the location of the groundwater table, the nature of the
loading (static versus cyclic), the spacing between adjacent piles, and the
slope of the ground in front of the piles. For instance, the value of np of
submerged sand is about one-half the value of dry sand. Similarly, then
value of ny, for cyclic loading conditions is about one-half the value for
static loading conditions for certain methods of analysis. In addition, some
methods reduce the value of ny, if the pile spacing in the direction of
loading is less than about 6- to 8-pile diameters. Finally, some methods
take into account a reduction in the value of n}, for sloping ground
conditions in front of the pile. For this example, the value of np, has been
reduced by a factor of two to account for cyclic loading conditions.

There are several methods available to compute pile stiffness — for
example, those used in simplified procedures (NAVFAC Design Manual
7.02, 1986), those indicated in this example, and those found in computer
programs such as COM624 or LPILEP!uS (Reese and Wang, 1993). All are
widely used by various Departments of Transportation and design
consultants. Depending on the method of pile analysis, different
deflections, shears, and moments in the pile may be obtained even when
the same value of n}, is used. Therefore, communication between the
geotechnical engineer and the structural engineer is essential in
determining the value(s) of nj, to be used in the structural analysis.

Liquefaction potential of the medium dense, silty sand was analyzed using
the procedures of Seed, et. al. (1984) and Seed and Harder (1990). The
results indicated an adequate factor of safety against liquefaction.

Das, B.M. (1995). Principles of Foundation Engineering, Third Edition,
PWS Publishing Company, Boston, MA, p. 828.

Seed, R.B. and Harder, L.F., Jr. (1990). “SPT-Based Analysis of Cyclic
Pore Pressure Generation and Undrained Residual Strength,”
Proceedings of the H. Bolton Seed Memorial Symposium, Vol. 2,
Edited by J. Michael Duncan, Published by BiTech Publishers, Ltd.,
pp. 351-376.

Seed, H.B., Tokimatsu, K., Harder, L.F., and Chung, R.M., 1984. “The
Influence of SPT Procedures in Soil Liquefaction Resistance
Evaluations,” Berkeley, CA, University of California UCB/EERC-
84/15.
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DESIGN EXAMPLE NO.7
SUBSURFACE CONDIT1ONS

BENT LOCATIONS

/ BRIDGE AL |GNMENT
| 2 3 4 5 6 7 8 9 /
Y T T ¥ T . S
I l u I ALLUV!UM'
SOIL PROPERTIES
Depth Soil N Y o ¢ Dy
Stratum (ft) Description (bpf) (pcf) (deg) (pch) (pei)
Alluvium 0to> 100 Medium dense, 20 122.4 34 0 15
silty sand
Nonfill Above grade = Medium dense 20 1224 34 0 23
sand and gravel
Where:

N  standard penetration resistance (blows per foot)

v total unit weight (pounds per cubic foot)

¢  internal angle of friction (degrees)

c cohesion (pounds per square foot)

n, constant of horizontal subgrade reaction (pounds per cubic foot)

Figure Al — Subsurface Conditions

FHWA Seismic Design Course A5







Appendix B
Derivation of Lateral Stiffness
Relations for Battered Piles







Appendix B — Derivation of Lateral Stiffness Relations Design Example No. 7

for Battered Piles

APPENDIX B

Lateral Stiffness
Derivation

DERIVATION OF LATERAL STIFFNESS RELATIONS
FOR BATTERED PILES

This appendix contains the derivation of the lateral stiffness of a battered pile
with the following boundary conditions: The base of the pile is fixed against
both translation and rotation. The tip of the pile is free to translate
horizontally and to rotate, but is fixed against vertical translation. This
condition replicates the symmetric arrangement of two battered piles
connected - via a pin - at their tips.

For a lateral deflection of 1inch applied at the tip of the pile, as shown in
Figure B1, the deflection components are

A =1 Unit horizontal deflection
A ¢ = cos(0) A Flexural deflection of the pile
A =sin(0) A Axial extension of the pile

Recall that the equation for flexural stiffness of a cantilever, written in terms
of the load, is

3 El

Pei=
f 3

'Af
L

Substitution of the flexural component, A¢, of the applied 1-inch deflection
yields

Recall that the equation for axial stiffness, written in terms of the load can
be expressed as
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for Battered Piles

Lateral Stiffness
Derivation
(continued)

Substitution of the axial component, A , of the applied 1inch deflection yields

AE

éa = (-—L—-)'sin(e)'A

The two forces Pf and Pz are the respective bending and axial forces
necessary to produce the 1-inch horizontal deflection, while simultaneously
preventing any vertical deflection. These two forces are thus directed as
shown in Figure B2. Typically, the horizontal and vertical forces are the ones
of interest. Thus Pf and Pa can be expressed in this form as shown below.

The horizontal components of the flexural and axial forces, respectively, are
Hg = Prcos(8)

H_ =P _sin(8)

The total horizontal force is then

H = H‘F + H 2

In terms of the flexural and axial forces, H is

H = Pgcos(8) + P sin(8)

In terms of the properties and geometry of the system, H can then be reduced
to

m

. '<c05(6)2>~A + Al -(5in(9)2>-A

N L

If like terms multiplying the displacement are collected, then the lateral
stiffness can be calculated as shown below.

3 El

L3

AE
'005(6)2 + T-sin(e)z ‘A
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for Battered Piles

Lateral Stiffness The lateral stiffness of the battered pile subject to lateral loading is then
Derivation
(continued) ‘ ZE-| » AE

3 ‘cos(6)” + T-sm(e

2
kh = )
L

Also, the flexural and axial contributions to the lateral stiffness are given by
the two terms in the expression. These can be related as kf and kg,

respectively, as shown below.

5E| 2
kg = 3 *cos(0)

L

/\E 2
ka =T’5in(9)

The vertical force necessary to hold the vertical deflection to zero has not
been derived, although it can be determined through the same process as
that used for the horizontal stiffness. Typically, battered piles are arranged
50 that the vertical restraining force is developed by an opposing pile (i.e., a
pile sloping in the direction opposite the one in question).
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Lateral Stiffness
Derivation
(continued)

PQ
Pe
o
]J
<<
«F
~
- Lu"
DEFORMED
POSITION
e ORIGINAL
POSITION

T
L

Figure B1 — Horizontal Deflected Shape
of Batter Pile
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Lateral Stiffness
Derivation
(continued)

Design Example No. 7

ORIGINAL

POSITION OF PILE
OF PILE TOP
TOP

FORCES DUE TO FORCES DUE TO
FLEXURAL COMPONENT AXTAL COMPONENT

r A ~"

Va

Vf

|~ FINAL
POS|TION

Hf Ha
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Figure B2 — Forces at Pile Tip
Due to Horizontal Deflection
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