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

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

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

An example is shown below.

Unique Sequence ldentifier
and Flowchart Reference

1 Item

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

AASHTO Specification /

ldentifier

FHWA Seismic Design Course 13
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Single-Span Bridge with Tall Abutment

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.

L

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

Textbook Font

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

Architectural Font

The SPC is a function of the Acceleration Coefficient an

FHWA Seismic Design Course 14



Introduction

USE OF
MATHCAD®

Design Example No. 3
Single-Span Bridge with Tall Abutment

To provide consistent results and quality control, all calculations have been
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 tne Vanabie T, Based or
/—— Previously Defined Variabies, W and k,
Along with Intrinsic Constants 2, T, and g
Tzon | W |
— Ty gk
! Note “: ="
_
Result of Calculation
/_ indicated in Definition of T
T=0.769 sec
l 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 f¢).

FHWA Seismic Design Course 1-5
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Flowcharts

Design Example No. 3
Single-Span Bridge with Tall Abutment

FLOWCHARTS

Design
Step 14.0

Revise Structure

SteplD Preliminary Design
v
Design Basic Requirements
Step20 | Chart2
Single-Span Design Single-Span Bridge Design
Bridge Step30 | Chart3
Design SPC A Design
Step40 | Chart4
No ¥
Design Determine Analysis Frccedure
Step 5.0 Chart 5
v
Design Determine Elastic Seismic
Step 60 Forces and Displacements
Chart 6
Design Determine Design Forces
Step70 | Chart7
° v
Design Summary of Design Forces
Step 80 Chart 8
v
’ Determing Design
9;";3;) Displacements
Chart 9
Design Design Structural Components
Step10.0 Chart 10
Y
Design | Design Foundations
Step0 | Chart 1t
¥
Design Design Aputments
Step120 | Chart12
oy
5;;?; o | Design Settiement Slabs

v Yes
Design Seismic Dﬁign Complete
Step150 | Seismic Details

FHWA Seismic Design Course
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Flowcharts

Design Example No. 3
Single-Span Bridge with Tall Abutment

FLOWCHARTS | Key to Detailed Flowcharts

(continued)

Design Step 1.0

Design Step 2.0
Design Step 3.0
Design Step 4.0
Design Step 5.0
Design Step 6.0
Design Step 7.0
Design Step 8.0
Design Step 9.0

Design Step 11.0
Desigh Step 12.0
Design Step 13.0

FHWA Seismic Design Course

Design Step 10.0 .

Not Focused on in Example No. 3
Fage 2-3

Fage 2-4

Not Applicable for Example No. 3
Not Required for Example No. 3
Not Applicable for Example No. 3
Page 2-5

Not Required for Example No. 3
Fage 2-6

Not Applicable for Example No. 3
Not Applicable for Example No. 3
Fage 2-7

Not Applicable for Example No. 3

Chart 1 — Preliminary Design
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Design Example No. 3

Single-Span Bridge with Tall Abutment

FLOWCHARTS
(continued)

Dﬁ; Applicability of the Specification
L 2
::;3_"2 Acceleration Coefficient
i v
52;?3 Importance Classification
i v
52:9;4 Seismic Performance Category
_ . 2
s | Site Effects
. . 2
52:9;6 Response Modification Factors

(_ RetumtoMain )

FHWA Seismic Design Course

Chart 2 — Basic Requirements
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Flowcharts Design Example No. 3
Single-Span Bridge with Tall Abutment

FLOWCHARTS
(continued)

Design Determine Design Forces
Step3.1 | for Connections

v
(Retum to Mainj

Chart 3 — Single-Span Bridge Design
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Single-Span Bridge with Tall Abutment

FLOWCHARTS
(continued)
|
:;?;1 Determine Dead Load Forces
: v
50:;97"2 Determine Seismic Forces
L 2

Design Transverse
Step721 | Seismic Forces
v

Design | Longitudinal
Step722 | Seismic Forces

v

Design
Step723 Concrete Shear Key
4 v
;Pea;g;‘ Abutment Backwall
2
5;.2;97'_'3 Combinations of Seismic Forces
v
D”?;J Bearing Forces
v
52:;9; 2 Shear Key Forces
v
5;”?; 5 | Load Combinations

v
( Retum to Mainj

Chart 7 — Determine Design Forces (SPC C)
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Single-Span Bridge with Tall Abutment

FLOWCHARTS
(continued)

Design

Step 91 Minimum Support Length

L 2
SD::;'_‘Z Design Displacements

Returmn :o Main
C

Chart 9 — Determine Design Displacements
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Single-Span Bridge with Tall Abutment

FLOWCHARTS
(continued)

Design

Step 121 M-O Forces
. Y
sf;?;n Active Soil Pressure
L 2
5;';'92'; 2 Passive Soil Pressure
L 2
e
5‘::1522 Final Forces on Abutment
i | 2
52:;"21 Summary of Basic Forces
v
Design Calculate Earth
Step122.2 | Pressure Forces
L2
5‘;';?_"25 Final Abutment Forces

v
Design Abutment Stability and Soil
S5tep123 | Stress Check
L 2

Design DL + Active
Step12.3.1 | Earth Pressure
v

Design DL + Seismic
Step1232 | Earth Pressure

L2
s:::g?_; 5 | Finalize Footing Size
v

Design Design Abutment Stem Wall
Step124 | and Footing

L 2
Design | Abutment Stem Wall
Step12.4.1 | Design
v
5:;2: o | Abutment Footing Design
v
Design | Summary of Abutment
Step1243 | Design

v
( Retum 1o Mainj

Chart 12 — Design Abutments
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Design Step 1 — Preliminary Design Design Example No. 3

SECTION IIT

DATA

REQUIRED

FEATURES

Single-Span Bridge with Tall Abutment

ANALYSIS AND DESIGN

The bridge is to be built in the Mississippi Valley in a seismic zone with an
acceleration coefficient of 0.36g.

The configuration of the bridge consists of a single-span superstructure
using precast concrete AASHTO girders and a CIP concrete deck. The
substructure consists of tall-closed seat-type abutments with retaining
walls parallel to the abutment with expansion joints provided at both ends
of the bridge superstructure. Figure 1 (a to e) provides details of the bridge
configuration.

It should be noted that single-span bridges sometimes use integral
abutment superstructure details without expansion joints. Integral
abutment details restrain movement of the superstructure and also the top
of the substructure. The level of restraint depends on the bearing detail.
These bridges may develop higher seismic earth pressures behind the
abutment wall, than in this example.

The alignment of the roadway on the bridge is straight and there is no
vertical curve. The bridge has a 28 degree skew to the roadway below,
thus the ends of the bridge, including abutments, are skewed also.
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 Specifications-Bridges-1995.

ISSUES EMPHASIZED IN THIS EXAMPLE

s Single-Span Bridge

» Tall-Closed Seat-Type Abutments (not fixed to superstructure)

s  SPC C Design

s Skew Effects on Abutment

s Seismic Earth Pressure Forces on the Abutment Walls as Developed
from the Mononobe-Okabe Equations

FHWA Seismic Design Course 3-1
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BRIDGE DATA
(continued)
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. 700"
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EXP EXP

(1 SECTION
N

Figure 1a — Bridge No. 3 - Plan and Section
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BRIDGE DATA
(continued)

FACE OF CURB —=

f. BRIDGE SYMM
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! |
| |
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SECTION
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AASHTO TYPE IIIX

PRESTRESSE

——FACE OF CURB
CONCRETE

L
;

Figure 1b — Bridge No. 3 - Typical Cross Section
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Design Step 1 —Preliminary Design
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Figure 1c — Bridge No. 3 - Framing Plan

(continued)
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Single-Span Bridge with Tall Abutment

Design Step 1 — Preliminary Design
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Figure 1d — Bridge No. 3 - Abutment Section and Details

(continued)
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i

Des

iminary

Design Step 1 — Prel

11v13d NVd

ALYV
404 NMOHS ION
43Q¥19 40 83m
ONV 39NV1d dol "3IION

TIVMAILS
IN3INLNEY

(dAl) avd
ON I Uv38

——A
YA\ A3

YY3HS
¥3QH19 OLHSVY ‘.’
40 39NV14 WOLl08 @Hum\by
(dal).82

ON11004
40 dol

TIVMAOVE
IN3NLNEY

NOI1VA313

TIVMN3LS
IN3INLNGY

\ & i—(dAl) Qvd
ONI 4V38

v 7

L _\ |

< <
S

U [ U U H 1 \lu-j-(?

NIV1dN0

(dALl) ¥30419 NOVYHHAV 10
18¥034d

JYNLONYLSYIANS

LIN3NLNEY 40 31001W 390148

1V A3X HV3HS
WOVHHAVIQ NI HOLON

1
WAAS 390148 7

Figure le — Bridge No. 3 - Abutment Elevation and Detail
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SOLUTION

DESIGN STEP 1

Single-Span Bridge with Tall Abutment

PRELIMINARY DESIGN

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

Some confusion may arise from the statement in Division I-A, Article 3.11,
“The detailed analysis and design requirements of Sections 4, 5, 6, and 7
are not required for a single-span bridge.” Some designers may have been
incorrectly interpreting this statement to mean “no” analysis or design is
required. AASHTO Division I-A, Article 7.4.3(A), paragraph two, states
that “The seismic design of free-standing abutments should take into
account ... the transfer of seismic forces from the bridge deck through
bearing supports which do not slide freely (e.g., elastomeric bearings).”
Figure 38 of the Division I-A Commentary shows the bearing forces that
must be designed for in a sketch.

Connection forces will be transferred from the superstructure to the
abutment through the bearings and shear key (also known as seismic key
or earthquake buffer). These forces must be carried through the abutment
into the soil. These connection forces are in addition to the lateral soil and
inertia forces on the abutment.

In the global transverse direction, the abutments are assumed to provide
restraint to the superstructure through the shear keys. This restraint is
considered a “connection” and is designed to withstand the full connection
force.

In the global longitudinal direction, the abutments are assumed to be free
to deflect at the top under lateral earth pressures, and are considered to be
“free-standing” abutments per the code. In addition, the bearings transfer
a sliding force to the top of the abutments as the superstructure moves in
the longitudinal direction. Both of these effects must be accounted for
when checking for sliding and overturning. Division I-A, Article 7.4.3(A)
states that when checking for stability, it is desirable to have the
abutment slide before it overturns.

For a single-span bridge with free-standing abutments, it can be argued
that the effect of overturning is not important because the superstructure
will act as a strut between the abutment walls. Therefore, the abutment
walls may move, but they cannot tip over. In a multispan bridge, where
the superstructure does not restrain the abutments, the concept of

FHWA Seismic Design Course 3-7
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DESIGN STEP 1
(continued)

Single-Span Bridge with Tall Abutment

overturning is very important. Therefore, in order to “emphasize” the
above concepts in this example, both overturning and sliding will be
checked.

If integral abutments are used instead of free-standing abutments,
overturning will not be a concern because strut action of the
superstructure restrains the top of the abutment. Because the abutment
wall will not be allowed to deflect outward, it must be designed for the
larger at-rest earth pressure under normal loads. Sliding potential will
have to be considered, so that the abutment will not rotate about the top
and tend to “kick-out” at the bottom of the footing.

The skew effect of the abutments will also be discussed. The global forces
are resolved into local components relative to the abutment wall.

The design of the abutment must account for the lateral earth pressure
during a seismic event. The active earth pressure increases and the
passive pressure decreases, as the magnitude of the earthquake increases.
In addition, the inertia effect of the abutment itself, and the soil supported
on top of the abutment footing, must be accounted for in the lateral loads.
The Mononobe-Okabe equations will be used to calculate these seismic
effects.

Superstructure
See Design Step 7.
Substructure

See Design Step 12.

FHWA Seismic Design Course 3-8
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DESIGN STEP 2

Design Step
2.1

Design Step
2.2

Design Step
2.3

Design Step
24

Design Step
2.5

FHWA Seismic Design Course

Design Example No. 3
Single-Span Bridge with Tall Abutment

BASIC REQUIREMENTS

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

The bridge consists of a single-span. Division I-A, Article .11 applies. The
requirements for minimum seat length and connection forces are given in
Division I-A, Article 3.10.

Acceleration Coefficient
[Division I-A, Article 3.2]

The bridge is located in an area where the Acceleration Coefficient A is 0.36.
A=0.256

Importance Classification
[Division I-A, Article 3.3]

The Importance Classification (IC) of this bridge is taken to be Il. Itis
assumed not to be essential for use following an earthquake. However, this
type of bridge is likely to remain functional, providing the soil embankment at
each end survives, 1o provide access to the bridge.

IC =1

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

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

SPC=C

Site Effects
[Division I-A, Article 3.5]

The site conditions affect the design as reflected by a coefficient based on
the soil profile. At this site, rock is located at a depth of about 35 feet
below the underpass roadway, and the soils overlaying rock are stable
deposits of stiff clay. The conditions correspond to SOIL PROFILE
TYPE L
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Design Step 2 — Basic Requirements Design Example No. 3

Design Step
2.6

DESIGN STEP 3

Design Step

3.1

DESIGN STEP 4

DESIGN STEP 5

DESIGN STEP 6

Single-Span Bridge with Tall Abutment

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

5=10

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

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

In this case, Table 3 of the Specification gives the following R Factors.
R=08 For the connection of the superstructure to the abutment

This factor will be used to ensure that the shear key is designed to resist
the probable forces delivered by the superstructure without incurring any

damage.

SINGLE-SPAN BRIDGE DESIGN
[Division I-A, Article 3.11]

This section applies to single-span bridges. There is no detailed analysis
required, but connection forces must be designed for and seat iengths per
Division I-A, Article 310 must be provided.

Determine Design Forces for Connections

For this example, these forces are calculated in Design Step 7.2.
SEISMIC PERFORMANCE CATEGORY A DESIGN

Not applicable.

DETERMINE ANALYSIS PROCEDURE

Not required for a single-span bridge.

DETERMINE ELASTIC SEISMIC FORCES AND DISPLACEMENTS

Not required for a single-span bridge.

FHWA Seismic Design Course . 3-10



Design Step 7 —Design Forces

DESIGN STEP 7

Design Step
7.1

Design Example No. 3
Single-Span Bridge with Tall Abutment

DETERMINE DESIGN FORCES

Determine Dead Load Forces

The superstructure dead load consists of eight precast concrete AASHTO
girders, a CIP concrete deck, four diaphragms, and a traffic barrier on each
side of the bridge. See Figure 1 (a to e) for details.

Assumptions used in the weight calculations are

Y, = 150" pcf
L, = 700
L, = 725t

Width = 44.0-ft

Unit weight of the concrete
Span length of bridge from centerline of bearings
Overall length of bridge superstructure

Overall width of bridge superstructure

Weight of AASHTO Type lll girders

— 2
Ag = 560" in
A - f
w = .
g 14-4'in2
kip
w = 0583
ft

Area of each girder

Y,

Weight of each girder

Therefore, the weight of all eight girders in the bridge is

Lo = 725t

Wg = &'W'LO

FHWA Seismic Design Course
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Design Step 7 — Design Forces Design Example No. 3

Design Step
7.1
(continued)

Single-Span Bridge with Tall Abutment

For calculating the weight of the deck slab, assume average thickness of &
inches (includes weight of girder pads).

&
W, = (72.5-&)-(44.0%)-(5'%;)-% W, = 319-kip

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

kip .
Wy, = 2 (o.w;)-wzs—m W, = 58.0kip

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

Wy = 4 (34ft) (3.75ft) (10ft) v, W 4 = 76.5-kip
Therefore, the total weight of bridge superstructure is W.

W =W +w5+wb+wd

9
W 9= 338.3«kip Weight of AASHTO girders
W, =319.0-kip Weight of deck slab
W, =58.0-kip Weight of traffic barriers
W, =765-kip Weight of all diaphragms

Therefore, the total weight of the superstructure is
W ="7918 - kip

The reaction at each end of the bridge is the total bearing load at each end.

Pbr@ = —2' Pbrg = 395.9+kip

FHWA Seismic Design Course 3-12



Design Step 7 — Design Forces Design Example No. 3

Design Step
7. 1
(continued)

Design Step
7.2

Design Step
7.2.1

Single-Span Bridge with Tall Abutment

The reaction per unit length along the abutment is calculated for later use in
Design Step 12.2.1.

F.ind the unit weight along the length of the abutment, L.
= 28deg Skew angle of abutment

Length of abutment along the skew is

Width
L= L =496 ft
cos( M)
Pbrg _ '
We = ] Reaction per unit length
ki
w R = 7.94.-{:5

Determine Seismic Forces
[Division I-A, Article 3.11]

Article 311 states that the detailed analysis requirements of Sections 4, 5,
©, and 7 are not required for single-span bridges. But the connection between
the abutment and the superstructure must be designed to resist the
tributary weight at the abutment multiplied by A x S in each horizontally
restrained direction. In the unrestrained direction, the connection must be
designed to withstand the sliding friction force in the bearings.

Transverse Seismic Forces
(Force on Concrete Shear Key)

For movement In the transverse direction, perpendicular to the centerline of
the bridge, a concrete shear key is provided to resist the movement of the
superstructure. The force is A x S multiplied by the reaction at the abutment.
See Figure 2.

A = 0.30 Acceleration coefficient
S =10 Site coefficient
A'S =020

FHWA Seismic Design Course 3-13



Design Step 7 — Design Forces Design Example No. 3
Single-Span Bridge with Tall Abutment

Design Step P brg = 398.9+kip Reaction force at each abutment
7.2.1

(continued) ,
The connection force in the restrained direction of a single-span bridge, which
in this example is the transverse direction, is as follows.

Vegy = A-&Pm Veq, =1425-kip

Design shear load to the shear key is

R:=086 For shear key, per AASHTO Division 1-A,
Table 3
Veqt
Vg = V gk = 178.2-kip

& BEARING

BEARING
PAD (TYP)

Vex (GLOBAL

TRANSVERSE
DIRECTION)

\ L N
tvb,g (GLOBAL

LONG I TUD tNAL
DIRECT ION)

PLAN AT TOP OF STEMWALL

Figure 2 — Forces at Top of Abutment Seat
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Design Step 7 — Design Forces Design Example No. 3

Design Step
7.2.2

Design Step
7.2.3

Single-Span Bridge with Tall Abutment

Longitudinal Seismic Forces
(Force Transferred Through the Bearings)

In the longitudinal direction, parallel to the centerline of the bridge, the
superstructure is not rigidly restrained, but free to slide on elastomeric
bearings. There is a sliding friction force transferred through the bearings
to the abutment equal to the friction force on the bearing pad. For an
elastomeric bearing, it is assumed in this example that the friction
coefficient is 0.2.

u = 020 Sliding friction of the bearing pad

P brg = 395.9-kip Reaction force at each abutment

The sliding friction force from all the bearings at one abutment is

Vbrg = uPb?‘g vbl"@ = 792 klp

The sliding friction force must be considered additive to earthquake effects
(seismic earth pressure, inertia of abutment wall, etc.). While it is true
that these forces will sometimes act in opposite directions, it would be
unconservative to assume that these effects will always be out-of-phase
with each other.

Now that the orthogonal seismic forces have been determined for the two
major axis, the forces for the various components can also be determined.
Design Step 7.3.3 covers the combination of orthogonal seismic forces.

Concrete Shear Key

The concrete shear key is located at the centerline of the bridge, and is
oriented parallel to the centerline of the roadway. The shear key is placed
at the centerline to avoid unsymmetrical loading on the abutment. The
diaphragm at the end of the superstructure should be designed to transfer
the seismic force from the superstructure to the shear key.

Calculate the shear stress on the shear key.

Vg = 178.2:kip Force on shear key

FHWA Seismic Design Course 3-15



Design Step 7 — Design Forces Design Example No. 3

Design Step
7.2.3
(continued)

Design Step
7.2.4

Single-Span Bridge with Tall Abutment

Assuming a 40- by 30-inch shear key
Agy = 12007ir° Area of shear key

Per AASHTO Division |, Article 8.16.6.4.5, the shear stress must be less than
800 psi for shear friction.

Vsk
v, = —
u
A sk
v, = 148 -psi Less than 800 psi, okay
Abutment Backwall

During a significant earthquake, the superstructure will engage the
abutment backwall after overcoming the sliding friction force in the
bearings. Therefore, the abutment backwall should be designed to resist
the full earthquake shear in the longitudinal direction, and not break off.

Treating the longitudinal as a “restrained” direction, design the backwall
to take a shear equal to A x S multiplied by the weight of the
superstructure, divided by “R” for a connection.

Calculate the shear stress on the backwall.

AS = 0.36 Acceleration multiplied by site coefficient
R =06 For shear key, per AASHTO Division I-A,
Table 3
W = 791.8kip Weight of superstructure
A'S
Vipw = — W Design shear force on the backwall
R

FHWA Seismic Design Course 3-16



Design Step 7 — Design Forces Design Example No. 3.
Single-Span Bridge with Tall Abutment

Design Step The shear area of the backwall that must resist the longitudinal force is Apy,.

7.2.4
(continued) A = 28.0-deg Skew angle of abutment
L = 48.6-ft Length of abutment along skew
Ay = L1258 Ay = 8970-ir"

The shear stress on the backwall is

V=T v, =40-psi <800 psi, okay

FHWA Seismic Design Course 3-17



Design Step 7 — Design Forces Design Example No. 3

Design Step
7.3

Design Step
7.3.1

Single-Span Bridge with Tall Abutment

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

Because of the 28-degree skew, forces on the abutment need to be broken
down into orthogonal forces about the local axes of the abutment. See
Figures 3 and 4. Forces in the local transverse direction of the abutment
will determine the design for sliding and overturning stability. Forces in the
local longitudinal direction of the abutment are calculated, but not used in
this example. Because the abutment footing is much longer than it is wide
in the transverse direction (50 feet verses 18 feet), overturning stability in
the long direction is not as critical, though it should still be checked for a tall
abutment.

Before the criteria of Article 3.9 are applied, the local components of the
two global forces (longitudinal friction in the bearings and transverse shear
on the shear key) must be calculated. It is assumed that these two forces
are both acting in a direction that tends to pull the abutment away from
the soil, creating sliding and overturning effects.

Local Forces on Abutment Due to Friction on Bearings

See Figure 3. Given the basic conditions

v brg = 79.2¢kip Global shear on bearings at each abutment

= 28 deg Skew angle of abutment

a) Local Transverse Shear on Abutment
Vbrg ¢ := Vbrg'cos(k) Vbrgt = 69.9-kip
b) Local Longitudinal Shear on Abutment

Vbrg | = Vbrg‘ein(K) Vbrg = 37.2¢kip

FHWA Seismic Design Course 3-18



Design Step 7 — Design Forces

Design Example No. 3
Single-Span Bridge with Tall Abutment

Design Step
7.3.1
(continued)

LONG I TUD INAL
DIRECTION OF

LOCAL
TRANSVERSE
DIRECTION OF
ABUTMENT

Vbrg,SUM OF
SHEAR FORCE

ON ALL
BEARINGS

KEY

BACKWALL

TRANSVERSE

I—LONG I TUD INAL

GLOBAL

PLAN OF GLOBAL
OF LONGITUDINAL FORCE

FHWA Seismic Design Course

Figures 3 — Horizontal Component of Bearing Forces
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Design Step 7 — Design Forces

Design Example No. 3

Single-Span Bridge with Tall Abutment

Design Step Local Forces on Abutment Due to Shear Key Forces

7.3.2

V gy = 178.2+kip

A = 28 deg

Vekr =V sin(A)

Vek| =V cos(A)

See Figure 4. Given the basic conditions

Skew angle of abutment

a) Local Transverse Shear on Abutment

Ysk T= 556'klp

b) Local Longitudinal Shear on Abutment

Vek| =157.3-kip

Global shear on the shear key at each abutment

ABUTMENT
STEMWALL

LOCAL

LONG I TUD INAL
DIRECTION OF
ABUTMENT SHEAR

KEY

- ’/u<::T:;;AL

——— . TRANSVERSE

Vgk SHEAR DIRECTION OF
FORCE ON ABUTMENT
SHEAR KEY Vsk

Vsk

TRANSVERSE

LONGITUD INAL

GLOBAL

PLAN OF GLOBAL
TRANSVERSE FQRCE
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Figure 4 — Horizontal Component of Shear Key Forces
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Design Step 7 — Design Forces Design Example No. 3

Design Step
7.3.2
(continued)

Design Step
7.3.3

Single-Span Bridge with Tall Abutment

The criteria in Article 3.9 pertain to the combination of orthogonal forces.
Even though this is a single-span bridge, each of the global forces has an
effect on the local axes of the abutment. When 100 percent of one global
force is combined with 30 percent of the other global force, it is a
bookkeeping exercise to calculate the resulting forces correctly. All the
seismic forces are absolute values, i.e., forces occur together in the direction
of the worst condition. Below is a summary of the basic local forces.

Forces from the bearings at each abutment are

Vbrg = 69.9+kip Local transverse shear on abutment

Vbrg | = 37.2-kip Local longitudinal shear on abutment
Forces from the shear key at each abutment are

Vek+ = 83.6-kip Local transverse shear on abutment

Vek| =157.3-kip Local longitudinal shear on abutment

Load Combinations
a) LCI1 (100 Percent Global Longitudinal Plus 30 Percent Transverse)

Resulting transverse force on the abutment is
V=10 (Vorg ) + 05 (vekr) V1 =950-kp

The unit transverse shear on the abutment is

L = 40.6-ft Length of abutment
Vi 01 kip
Vo= — V= LJl*
T T fr

Resulting longitudinal force on abutment is

V=10 (Vbrg ) + 05 (Vsk ) V| =8&44-kip
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Design Step 7 — Design Forces Design Example No. 3
Single-Span Bridge with Tall Abutment

Design Step The unit longitudinal shear on the abutment is
7.3.3

(continued)

Vi 6o kip
Vi = v, = 1.09-—
L= L =

b) LC2 (100 Percent Global Transverse Plus 30 Percent Global
Longitudinal)

Resulting transverse force on the abutment is
V= 10+ (Vekg) + 0.3 (Vorg 1) V1 =1046-kp
The unit transverse shear on the abutment is

Vir

kip
Vo= — vr=210— <-- Controls
T T £

Resulting longitudinal force on the abutment is
Vi =10 (Vek ) + 0.3 (Vorg, ) V| =1685-kip

The unit longitudinal shear on the abutment is

Vi 555 kip
vV, = — Vi = 0. M
L™y L £

¢)  The Controlling Load Case for the Largest Force in the Local
Transverse Direction of the Abutment is LC2 with Vp=2.10 Kip Per
Foot

DESIGN STEP 8 SUMMARY OF DESIGN FORCES

Not applicable.
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Design Step 9 — Determine Design Displacements DesignvExample No. 3

DESIGN STEP 9

Design Step
9.1

Design Step
9.2

Single-Span Bridge with Tall Abutment

DETERMINE DESIGN DISPLACEMENTS
[AASHTO Division I-A, Article 7.3]

Minimum Support Length
[AASHTO Division I-A, Article 7.3.1]

Calculate the minimum seat length required for the top of the abutment
stemwall to support the single-span bridge superstructure.

=725t Length between abutments
H:=0ft For single-span bridges
5:=28 Skew angle in degrees .

Per Division I-A, Equation 7-3A
in in 2
N:=[12:in+ 0.05'L';t— + O.12-H-E '(1 + 0.000125°5 )

(1+ 0.000t25-52) = 1098 Skew effect

N =15.6+in Minimum seat length

Refer to Figure 1d. The seat length provided is 2 feet 6 inches, okay.

Design Displacements

Because no detailed analysis is required for the single-span bridge
superstructure, check the gap between the abutment backwall and the end of
the bridge superstructure for temperature loads, and for ability of the
abutment to slide under an earthquake loading. Refer to Figure 1d. The gap
provided is 3 inches, okay.

a) Check the Gap for Temperature Movement

AT =30 Change in temperature

y:=5510° Temperature coefficient for concrete
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Design Step 9 — Determine Design Displacements Design Example No. 3

Design Step
9.2
(continued)

DESIGN STEP 10

DESIGN STEP 11

Single-Span Bridge with Tall Abutment

L
A :=vAT (E) Deflection due to temperature

A =0.07-in Deflection is small, ro problem

b) Check the Gap to Allow the Abutment to Move a Distance of 10 A
[AASHTO Division I-A, Article 7.4.3(A)]

A = 0.36 Acceleration Coefficient

10-Avin = 3.6¢in Maximum expected abutment movement

As long as there is a gap of 3.6 inches between the backwall and the end of
the superstructure, there is theoretically enough space to allow the
abutment to displace laterally. Note that a 3-inch gap is shown in the
Figure 1d. Because this is a single-span bridge, chances are that both
abutments will not displace outward 3.6 inches. Therefore, two gaps of

3 inches or 6 inches of total gap is sufficient.

DESIGN STRUCTURAL COMPONENTS

Not applicable.

DESIGN FOUNDATIONS

Not applicable.
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Design Step 12 — Design Abutments Design Example No. 3

DESIGN STEP 12

Design Step
12.1

Single-Span Bridge with Tall Abutment

DESIGN ABUTMENTS

Mononobe-Okabe (M-O) Forces

Lateral Soil Pressures during Seismic Loading (M-0) Analysis
AASHTO Division I-A, Articles 7.4.3(A) and C7.4.3(A)

Article 7.4.3 in AASHTO I-A, along with the Commentary, outlines the
recommended analysis procedures. These include applying the M-O
Method of analysis for the lateral earth overpressure, and accounting for
the seismic inertia forces of both the abutment self-weight and the soil
resting on the abutment footing. These effects are especially critical for
tall abutments in high seismic zones.

The M-O Method of analysis is recommended for calculating the lateral
earth overpressures during a seismic event. The Specification
Commentary includes a good discussion on the use of this analysis method.
Although the equations are lengthy and complex, they are basically
modified “Coulomb Theory” equations that take into account the horizontal
and vertical acceleration effects of an earthquake.

Whereas the basic “Rankine Theory” of lateral soil pressure is based on the
assumption that there is no friction between the abutment and the soil, the
Coulomb Theory takes into account the effects of 8, the angle of friction
between the soil and the abutment. The M-O analysis is an extension of
the Coulomb Theory, taking into account horizontal and vertical inertia
forces acting on the soil as a result of an earthquake.

In general, an earthquake increases the active soil pressure and decreases
the passive soil pressure. In fact, the M-O equations reduce to the
Coulomb equations when the earthquake effects (kp, and k) are set equal
to zero.

As noted in Article 7.4.3(A), the value of the horizontal acceleration
coefficient depends on whether the abutment wall is free to deflect or is
restrained. For free standing abutments, where the wall is free to deflect
outward without significant restraint, the recommended value of the
seismic coefficient is ky = 0.5 x A, where “A” is the Acceleration Coefficient.
Lateral abutment displacements up to 10 x A inches should be
accommodated. See Figure 5.
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Design Step 12 — Design Abutments

Design Example No. 3
Single-Span Bridge with Tall Abutment

Design Step
12.1
(continued)

GAP

SOiL
INERTIA

= kp X Ph_7.

'—Zi:—ACTIVE

AE

¥ BEARING

BACKWALL INERTIA,
=k, x Py

BRG FORCE
AWAY FROM
SOIL, Vg

l
|
|

| /~WALL INERTIA

i = kh X Pw
41—4__—MOVEMENT OF
ABUTMENT, UP

TO (10 x A)

N\
PASS I VE

FTG INERTIA Epe
= kp x Py

SECTION THROUGH ABUTMENT

FHWA Seismic Design Course

Figure 5 — Lateral Forces on Abutment Footing

For free-standing abutments that are restrained at the top, or are
prevented from moving by batter piles or tie-backs, the static pressure
behind the wall is higher, similar to the at-rest condition. The resulting
earthquake forces will also be higher. The first approximation of the
seismic coefficient for this case is kp, = 1.5 x A.

In this example, the superstructure is supported by elastomeric bearing
pads on the top of the abutment wall. Under seismic loading, when the
superstructure moves away from the abutment, the friction force in the
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Design Step 12 — Design Abutments Design Example No. 3
Single-Span Bridge with Tall Abutment

Design Step bearings then tends to pull the wall away from the soil. It is assumed that
12.1 this effect does not change the seismic coefficient significantly; and,
(continued) therefore, kh = 0.5 x A is used. It is anticipated that the soil pressure,
together with the friction force in the bearings pulling the wall away from
the soil, will be the critical abutment sliding and overturning loads. They
will be used to design the flexural reinforcement in the inside face of the
abutment stemwall.

In the other case, when the superstructure moves toward the abutment at
the same time the soil is pushing the wall outward, the bearings tend to
restrain the top of the abutment wall. This partial restraint will tend to
increase the value of ky,, although the actual increase in ky, will probably
be small with the use of elastomeric bearings. While this restraint may
cause a slight increase in the value of ky,, it will not cause an increase
large enough to produce larger passive pressures behind the wall. Because
this case controls neither the sliding nor overturning, it will not be
calculated in this example. This load would be used to design the flexural
reinforcement in the outside face of the wall.

The basic seismic parameters are
A= 026 Acceleration coefficient

Calculate the seismic coefficient, k.
ki, = 0.5°A ky =018

The vertical acceleration is assumed to be zero.

The basic soil parameters are

¢ := 35-deg Angle of friction of the soil

B:=0 Slope of soil face (batter angle of wall)
i=0 Backfill slope angle

Y =130 pcf Unit weight of solil
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Design Step 12 — Design Abutments Design Example No. 3
Single-Span Bridge with Tall Abutment

Design Step The angle of friction between the soil and the abutment is 8.
12.1

(continued)
° 3 = g 3 = 175+degy

The resulting seismic inertia angle is 6.

0 = 10.2-deg

Design Step Active Soil Pressure
12.1.1
a) Calculate the Seismic Active Earth Pressure Coefficient, K AE

The basic M-0 equations are broken into two parts for ciarity.

2 \ \
. . a_ Coefficient in the
T = Jsm(tb " 8) 5m(¢ o I) denominator of
cos(8+ B + 8) cos(i - B) Equation (CB-4)
2
(cos(9 - 6-B)) AASHTO 1-A.

T-cos(8)(cos(B))Z-cos(5+ B+ 0) |  Equation (CB-4)

With B =i = O, the equations reduce to

2
Lo lrs lsin(¢+6)-ein(¢— 0) [ = 2602
' cos(d + 0) -
_ (cos(0 - 9))2
“AE = T-cos(8)-cos(d + 6)} fAE = 0564

Therefore, the seismic active pressure coefficient is
Kag = 0.364

For purposes of comparison, the results are plotted in Figure 6 using ki, = 0.18
and ¢ = 35 degrees. Inboth case, the results are the same: Kag = 0.56.
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Design Step 12 — Design Abutments Design Example No. 3
Single-Span Bridge with Tall Abutment

Design Step 1.0
12.1.1
(continued)

=
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] /— kh =0.18
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Horizontial Seismic Coefficient ky,
kag = 0.36

Figure 6 — Verification of M-O Coefficient

As was mentioned previously, the M-O equations are simply a derivative of
Coulomb’s equation. As an aid to the designer in gaining confidence in
their use, the following calculations demonstrate how the M-O equations
reduce down to the Coulomb and Rankine equations.

b) Simplification of M-O Equation into Coulomb’s Equation

When there is no seismic acceleration, 8 = O (as well as B =i = 0), the M-0
equation defaults to Coulomb’s equation.

6=0edeg
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Design Step 12 — Design Abutments Design Example No. 3
Single-Span Bridge with Tall Abutment

Design Step [ 2
12.1.1 | sin(¢ + 8)-sin(9)
(continued) =i+ «j c05(8) I' = 2859
2
- ﬂJ o oms
I'“cos(8)

The coefficient, assuming ky = 0.0 for a nonseismic event, gives the same
result as using the Coulomb Theory, Kp = 0.25. Note that the active force
exerted on the abutment by the soil during a seismic event is larger than
for a normal active pressure (0.36 versus 0.25).

¢) Simplification of M-O Equation into Rankine’s Equation

Further, if the angle of friction between the soil and abutment, §, is ignored
(set equal to zero), the equation reduces to Rankine.

d = O deg
T = (1+ sin())°

K p = 0.27

The Rankine equation is usually written in either of the two forms shown below
both of which result in the same answer as calculated above.

s

1~ sin(0
KA :=—'u ¢ KA2027
T+ sin(9)
0 2
Ka = tan(45'dcg - E) Ka =027

In summary, in calculating the active earth pressure, the Rankine equation
does not consider §; therefore, it is more conservative than Coulomb’s
equation for calculating nonseismic loads (0.27 verses 0.25). When
Coulomb’s equation is modified to account for seismic forces in the soil, the
soil pressure goes up as the acceleration increases (0.25 verses 0.36).
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Design Step 12 — Design Abutments Design Example No. 3
Single-Span Bridge with Tall Abutment

Design Step The Specification Commentary also states that the inertia force due to the
12.1.1 mass of the abutment itself should be accounted for. Calculation of this
(continued) inertia force should also take into account the soil mass above the footing.
This additional seismic force is calculated in Table 3 of Design Step 12.2.3.
Design Step Passive Soil Pressure
12.1.2 .
a) Calculate the Seismic Passive Pressure Coefficient, K PE

In summary, the basic parameters used in the equations below are
0 = 35 deg Angle of friction of the soil

B:=0 Slope of soil face (batter angle
p
of foundation element)

i=0 Backfill slope angle

The angle of friction between the soil and the abutment is §.

o=

4 O =175+deg
2

The resulting seismic inertia angle is 0.

Kh
6 = atan 0 = 10.2+deg
Y
The basic equations are
2 Coefficient in the
. 8 .t _ 9 i
r=11- ng(q} * 0)ein(9 ") denominator of
cos(8 - P + 6)-cos(i- B) Equation (CB-6)
2
(cos(¢ - 6+ B)) AASHTO 1-A,

T cos(8):(cos(B))%-cos(s - B+ 0) | Equation (CB-6)
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Design Step
12.1.2
(continued)

Single-Span Bridge with Tall Abutment

With B =i = O, the equations reduce to

2
re1- (0 + 8)sin(o - © I-015
cos(d + 8)

Kpg =

(cos(¢ - 8))°
Icos(0)-cos(d + 8)

Therefore, the seismic passive pressure coefficient is
Kpg =6.32
b) Simplification of M-O Equation into Coulomb’s Equation

With 8 = O, the equations reduce to Coulomb’s equation.

0=0edeg

2
r:1_jaﬂ¢+®6MW)

I' = 0.096
cos(d)
_| Ccos())? )
P71 Tocos(8) } fp =756

The Commentary does not have a figure that plots various values of Kpg
in the same fashion as for K AE- However, the M-O equation, assuming ky
= 0.0 for a nonseismic event, gives the same result as using Coulomb’s
equation, Kpp = 7.36. Note that the passive resistance coefficient during a
seismic event is smaller (6.32 versus 7.36 ). The passive pressure will be
used to calculate the resistance when the abutment footing moves toward
the soil in front of the toe of the footing.

¢) Simplification of Coulomb’s Equation into Rankine’s Equation

With & = O, the equations reduce to Rankine’s equation.

=0
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Design Step
12.1.2
(continued)

Single-Span Bridge with Tall Abutment

T = (1- sin(¢))?

Kp = Kp =369
P I P

(cosw))z}

The Rankine equation is usually seen in either of the two forms shown below,
both of which result in the same answer as calculated above.

1+ sin
KF :=_‘-(—¢2 KP=569
1- sin(¢)
o 2
Kp:= tan(45'dcg + E) Kp =269

In summary, for the passive earth pressure, the Rankine formula does not
consider 3; therefore, it is more conservative than Coulomb’s equation for
nonseismic loads (3.69 verses 7.36). However, the Coulomb equation is
known to become unconservative when J exceeds 15 degrees (as compared
to log spiral methods where a nonlinear failure surface is used; NAVFAC
Design Manual 7.02, 1986). Therefore, § should be limited to about

15 degrees (in this case, the value of 8 = ¢/2 only slightly exceeds this
recommendation and is considered satisfactory). When Coulomb’s
equation is modified to account for seismic forces in the soil, the passive
pressure decreases as the acceleration increases (7.36 verses 6.32).
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Design Step
122

Design Step
12.2.1

Single-Span Bridge with Tall Abutment

Final Forces on Abutment

Summary of Basic Forces

The abutment footing will be sized for the following effects: sliding,
overturning, and maximum soil pressure. Any and all of these should
control the size of the footing. Also, the footing should be proportioned to
slide before it overturns. [AASHTO Division I-A, Article 7.4.3(A)]

The basic dimensions of the abutment are shown in Table 1 and Figure 7.

L:=10f Unit length of abutment
H =280 ft Height of soil face
B =18.0ft Footing width

The distance from the bottom of the footing to the centroid of the active soil
pressure is

w| T

HA:=

The distance from the bottom of the footing to the centroid of the additional
seismic overpressure force is approximated by

The distance from the bottom of the footing to the centroid of the passive
soil resistance at the front face of the footing (assuming no passive pressure

from the soil above the top of footing) is

Hpg =129t Calculated from centroid of a trapezoid
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Design Step

Design Example No. 3
Single-Span Bridge with Tall Abutment

12.2.1
(continued)

Table 1

Overall Dimensions of Abutment

Dimensions of

Abutment (ft) Description
L= 1.0 Unit Length Along Abutment
H= 280 |Total Height of Abutment
H,, = 200 |Stemwall Height
Te = 4.0 Stemwall Thickness
Xb,.g = 1.25 Distance, Bearing CL to Front of Stemwall
Hp = 5.0 Backwall Height
Tp = 125 Backwall Thickness
B= 18.0  {Footing Width
D= 30 Footing Thickness
Ly = &0 Heel Length
Ly = 6.0 Toe Length
Hy = 20 Soil Depth Above Toe of Footing

FHWA Seismic Design Course
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e-Span Bridge with Tall Abutment

Design Step 12 — Design Abutments
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(continued)
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Design Step
12.2.1
(continued)

Single-Span Bridge with Tall Abutment

The information provided by the geotechnical engineer is summarized below.

Y g = 015 kcf Unit weight of soil

Y = 015 kef Unit weight of concrete

K gpatic = 037 Sliding friction coefficient under working loads

e = 0.55 Ultimate dliding friction coefficient, seismic
kip ' i

A static = 6'——2 Soil pressure under static loads

(controlled by settlement)

= 24— Ultimate soil pressure under seismic loads

The following data were previously calculated in Design Step 12.1.1.

Ky =018 Seismic coefficient -

Ka =025 Coulomb active pressure coefficient ~
KAg = 0.364 M-0 seismic active pressure coefficient -
Kp =736 Coulomb passive pressure coefficient -
Kpg = 652 M-0 seismic passive pressure coeffficent -

The data below were calculated in Design Steps 7.2.2 and 7.3.3b. These
forces are the basic vertical and lateral external forces exerted by the
superstructure on the top of the abutment seat. Note that live load
surcharge loads are not included in this example and should be added for
Group I loads.

Por g = 7.94 kip Vertical reaction per foot of wall

% brg = 210 kip Shear force in bearings per foot of wall
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Single-Span Bridge with Tall Abutment

Design Step Calculate Earth Pressure Forces
12.2.2
The soil pressure forces are now calculated for the basic load conditions.
The vertical component of the active force, due to wall friction acting on the
inside face of the abutment wall, is not included in the calculations. This is

a conservative approach. All forces are calculated based on a 1-foot strip of
abutment wall.

a) Active Earth Pressure Force (Static Effect Only), E A

This force is due to the normal active earth pressure of the wall under static
conditions. This force is triangular shaped, with the resultant acting at H/3
above the top of footing. See Figure 7 in Design Step 12.2.1.

Y5 = 0130 <kef Unit weight of soil

H=280f Height of soil face

Ka =0250 Coulomb active pressure coefficient
1 2 klp

EA = ‘2"Y5'H ‘KA EA:12.74'§

b) Total Active Earth Pressure Force (Static + Seismic Effects), E ,

This force is the total active earth pressure that occurs during a seismic
event. Note that this force includes both static active pressure and
additional seismic overpressure effects.

Kag = 0.36 M-0 seismic active pressure coefficient

1

) AASHTO I-A
EAE = -V H™K AE

Eqn (CB-3)

E 18.55 P
AE T ' fr
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Single-Span Bridge with Tall Abutment

Design Step ¢) Additional Dynamic Earth Pressure Force (Seismic Effect Only)

12.2.2

(continued) This is the seismic overpressure force. It includes only the “additional”

seismic pressure that occurs during an earthquake. It does not include the
original active pressure present under static conditions. The Specification
Commentary states that the centroid of this additional force acts from 0.5H
to 0.6H above the top of footing (0.6H was used in the example). The shape
of this stress block can be approximated as a trapezoid acting over the
height of the wall. See Figure 7 in Design Step 12.2.1.

ki
Eagp = 1&.55-—E Total active earth pressure force,
fr including seismic
kip
Ep =1274— Active earth pressure force
ft

AE p\pg =Epg~ Ep Earthquake overpressure force

kip
AEAE = 5.8' f-t

d) Passive Earth Pressure (Static Effect Only)

The normal passive earth pressure force acts on the front face of the
footing. This passive pressure develops only when the front face of the
footing moves toward the soil. Although the magnitude of the force is
calculated below, it is conservative to ignore this effect when checking for
sliding under dead load because the passive earth pressure does develop
until significant wall movement occurs. This is because it is not desirable
to have the footing slide in order to develop this force under dead load
conditions. In this example, the pressure is in the shape of a trapezoid
because the upper 2 feet have been ignored. See Figure 7.

Y = 0130 kef Unit weight of soil

D:i=20f Footing depth

Hy =20 Toe soil depth

Kp=74 Coulomb passive pressure coefficient
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Single-Span Bridge with Tall Abutment

Design Step The passive pressure force on the face of the footing toe is
12.2.2
(continued) 1 2 2 kip
Epi=—v_ +H - H 'K Ep=100-—
Pegta] (Pl p=100-

e) Total Passive Earth Pressure (Static + Seismic Effects)

This force is the total passive earth pressure, acting on the front face of the
footing, that occurs during a seismic event. Note that this force includes
the effect of the static passive pressure. As was mentioned in Design Step
12.1.2, it is assumed that as the magnitude of the earthquake increases,
the magnitude of the passive pressure resisting the movement decreases.

Note here that there is no experimental justification for applying the M-O
equations to the passive case. It should also be noted that the original M-
O work was limited to the case where the water table is below the back of
the wall. The bridge designer should discuss consideration of passive
pressure with the project geotechnical engineer.

Y g = 0130 *kcf Unit weight of soil
D:=30ft Footing depth
Hy =20ft Toe soil depth

M-O seismic passive pressure coefficient is

K PE = 6-5

1 2 2] kip
=y . H - H . = 863
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Design Step 12 — Design Abutments Design Example No. 3
Single-Span Bridge with Tall Abutment

Design Step Final Abutment Forces

12.2.3
a) Calculate Vertical Force and Resisting Overturning (OT) Moments in
Footing

The vertical dead load and resisting moments are calculated in Table 2, and
summarized as follows.

ki
P, = 56.5-—{_—1:3 Total vertical load on footing

Resisting OT moment about the toe of the footing (without passive) is
ft
Mtoe,. = -603.9 kip—
ft
Resisting OT moment about the centerline of the footing (without passive) is

o ft
MC:Ir = -95.1'k|p'g
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Single-Span Bridge with Tall Abutment

Design Step

12.2.3
(continued) Table 2
Vertical Loads and Resisting OT Moments on Abutment

Vertical Loads (Per Unit Length of Abutment Footing)

Force Width Depth Area Unit Wt Py
(f) (fr) f® | ipfe) | (ip)

Porg - - - - 7.9
Pu 40 20.0 80.0 015 12.0

Pe 16.0 3.0 54,0 015 &1

Py 125 5.0 6.3 015 0.9
Ph 8.0 25.0 200.0 013 26.0

P 6.0 2.0 12.0 013 1.0
SumX = 56.5

Resisting Overturning Moment (Not Including Passive Pressure)

About Toe of Ftg About CL Ftg
wt Arm Mtoe, = Arm Mcl, =
Force Pv x P, ™ x X P, " x
(kip) (fv) (k-ft) (fr) (k-ft)
Porg 7.9 -7.25 -57.6 175 13.9
Pw 120 -8.0 -96.0 1.0 12.0
Pe &1 -9.0 -72.9 0.0 0.0
P 0.8 -9.26 -8.6 -0.38 -04
Py 20.0 -14.0 -364.0 -5.0 -130.0
Py 1.6 -3.0 -4.7 6.0 94
Sum X = 56.5 -002.9 -95.1

Note: See Figure 7 for location of forces.
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Design Step
12.2.3
(continued)

Design Step 12 — Design Abutments

b) The Horizontal Forces and QOverturning Moments Are Calculated in

Table 3

Design Example No. 3
Single-Span Bridge with Tall Abutment

Lateral Forces and Overturning Moments on Abutment

Table 3

FHWA Seismic Design Course

Lateral Forces for (DL + E) Load Case

Moty =
Force Fha y Fha *y
(kip) (fv) (k-ft)
Vorg - 23.0 -
Vi - 13.0 -
Ve - 15 -
Vb - 255 -
Vi - 15.5 -
Ve - 4.0 -
Ea 1274 9.33 18.9
Sum T 1274 - 18.9

Ep force not considered in this load case
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Single-Span Bridge with Tall Abutment

Design Step

12.2.3
(continued) Table 3

(continued)

Lateral Forces and Overturning Moments on Abutment

Lateral Forces for (DL+E+EQ) Load Case
Fhag = Motag =
Force 127 ki Wtk y Fhag "y
(kip) | Factor | (kip) ) | )
Virg - - 210 23.0 483
Vi 120 0.1& 216 13.0 281
Ve 8.1 018 146 15 22
vy 0.9 018 017 255 4.3
Yh 260 018 465 185 725
A 16 0.00 0.00 40 0.0
Ea - - 1274 93 18.9
AEap - - 5.81 16.80 976
X of Total Active Lateral Forces 2912 - 371.9
Resisting Passive Forces Epg = -8.63 129 -1

Note: See Figure 7 for locations of forces

Active Pressure Only DL + E

Horizontal force due to active pressure is
Fh o o= 12747
ATy

Overturning moment due to active pressure is

M 118.9-ki
ot 5 = 189 kip—
A P

Active + Seismic Fressure are DL + E + EQ

FHWA Seismic Design Course
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Single-Span Bridge with Tall Abutment

Design Step Net horizontal force due to total active pressure (including seismic) is
12.2.3
(continued) kip

FHWA Seismic Design Course

Fh = 29.12—
T AE f
Net overturning moment due to total active pressure (including seismic) is
ft

There are issues in Table 3 that need to be discussed in further detail.
They are included below.

Seismic overpressure pE,g is shown separate from E to demonstrate
that the earthquake creates an overpressure, and to show its effect
relative to the active condition. The resultant of the overpressure is
located at about 0.6 times the soil height above the bottom of the
footing, per AASHTO Division I-A, C7.4.3(A).

Note that passive pressure acting in front of the footing was ignored for
the DL + E load condition, because in order to develop passive pressure
the abutment must move laterally. Under normal D + E loading, the
abutment is not expected to move enough to develop this load.

AASHTO Division I-A, Article 7.4.3(A) requires that the inertia effect of
the abutment itself be included in calculating the lateral load. Figure
29 of the AASHTO Division I-A Commentary shows both the soil
supported above the footing heel, and the abutment self weight
included in the inertia effect. It is conservative to use the value of ky x
W, as shown in Figure 29, for the calculation of the inertia force.

The inertia effect of soil on top of the footing toe is ignored, since its
mass is not restrained by the abutment wall.
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Design Step
12.3

Design Step
12.3.1

Single-Span Bridge with Tall Abutment

Abutment Stability and Soil Stress Check

Check for Dead Load Plus Active Earth Pressure Loads
(But Not for Seismic Loads)

Note that for this condition, no live load surcharge load has been added.
The objective here is to consider the potential long-term pressure under the
footing. The goal is to have an approximately uniform load for differential
settlement purposes.

a) Factor of Safety (FS) Against the Abutment Sliding

Table 4 presents a general guide for determining the ultimate values of the
coefficient of the sliding friction, u, between the bottom of the footing and the
s0il, based on the soil type. The values in this table are approximate in nature.
For this design example, a gravel-sand mixture was assumed, with the lower
bound having an ultimate value of 0.55. Under working-level loads, a factor of
safety of 1.5 is applied to the ultimate value to get the working load value of
0.37.

Note that the coefficient of friction, for a given type of soil, is the same
under both static and seismic loads. But, for design purposes, the value is
reduced by 1.5 for static working loads, to provide a higher factor of safety
under this long-term loading. Also note that the passive pressure on the
face of the footing is not included under working-level loads.

Ultimate sliding coefficient of friction is

Moq = 055

Sliding coefficient of friction under normal active loads, = ueq /15, is

Botatic = 057

Total vertical load on the footing is

kip
F,=565-—
ft
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Single-Span Bridge with Tall Abutment

Design Step
12.3.1
(continued) Table 4
Ultimate Values of Coefficient of Friction
for Concrete Foundations on Rock/Soil
Material Relative Density/ Coefficient Adhesion!
Consistency of Friction! (l"'.SF)2
Clean, Sound Rock? Not Applicable 0.70 - 0.860 ---
Clean Gravel, Gravel-Sand Mixtures Dense to Very Dense 0.55-0.70 -
Medium Dense 055 - 0.65 ---
Clean to Slightly Silty/Clayey Sand Dense to Very Dense 0.45 - 0.60
with or without Gravel Medium Dense 0.45 - 0.55 -~
Silty/Clayey Sand and Sandy Silt with | Dense to Very Dense 040 - 055
or without Gravel Medium Dense 0.35 - 0.50
Silty Clay and Clayey Silt with or Very Stiff to Hard 0.40-0.50 1000 - 1500
without Sand and Gravel (Low Medium Stiff to Stiff 0.50 - 0.45 500 - 1000
Plasticity)?

Notes:

1. The lesser of (1) the coefficient of friction times the normal force acting on the
base and (2) the adhesion times the base width should be used for design.
Where only the coefficient of friction or the adhesion is shown, that parameter
should be used.

2. PSF = pounds per square foot.
3. The sliding resistance of weathered and jointed rock may be controlled by the
presence of joints. The determination of a coefficient of friction or adhesion

value should be made by a geotechnical engineer.

4. The strength of high plasticity clay/silt (LL > B0O) may be reduced significantly
and should be evaluated by a geotechnical engineer.

From Potyondy, 1961; Goh and Donald, 1984; U.S. Department of the Navy, 1986
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Design Step
12.3.1
(continued)

Single-Span Bridge with Tall Abutment

Horizontal force due to active pressure (without passive pressure) is

Fh 12.7 p
A= le it

Per AASHTO Division |, Article 7.5.2.1, the minimum factor of safety against
sliding is 1.5.

FSsliding 1= “Resisting” Sliding Force
“Applied” Sliding Force

Botatic Py -

FS iy 12— -
slidin slidin
9 Fha g

= 1.64 okay

b) Factor of Safety Against the Abutment Overturning About the Toe of the
Footing

Resisting OT moment about the toe of the footing (without passive) is
ft
Mtoe , = -603.9 -kip'—
ft
Overturning moment due to active pressure is
M 18.9+k i
ot o = N&6.9kip—
A “Kip £

Per AASHTO Division |, Article 7.5.2.1, the minimum factor of safety is 2.0.

FSot = ZResisting” Overturning Moment
“Applied” Overturning Moment

-Mtoe

FS ot = FS ¢ = 51 okay

Mot A

Note that the factor of safety against overturning is much greater than the
factor of safety against sliding (5.1 > 1.64); therefore, for long-term dead load
only, the footing is proportioned properly so that it slides before it overturns.
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Design Step
12.3.1
(continued)

Single-Span Bridge with Tall Abutment

¢) Calculate the Eccentricity (e) of the Vertical Load About the Centerline

Resisting OT moment about the centerline of the footing (without passive) is

o ft
Mcl r = -25.1- klpg
ki . .
Py = 56_5._p Total vertical load on footing

The resulting net eccentricity of the vertical load is

e = “Net” Overturning Moment
Total Vertical Load

MC’F + MO‘tA
e =— e = 042:ft

Py

The kern distance from the centerline of the footing, below which the footing
experiences no uplift, is

B =18.0-ft Footing width

e =

max = g €max = 00 ft

The actual eccentricity is nearly zero, therefore, the soil pressure under the
footing, due to dead load plus normal earth pressure, is approximately
uniform.

d) Calculate the Soil Pressure Under the Footing for Dead and Normal
Earth Loads

The maximum soil pressure, assuming no uplift, is

P
1% €
Amax = ‘5_(1 + 6%) Bowles, 3rd Edition
Egn-(8-13)

4 may = O-D8ksf
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Design Step
12.3.1
(continued)

Design Step
12.3.2

Single-Span Bridge with Tall Abutment

The minimum soil pressure is

FV €
Gmin = 5|17 65 A iy = 2.70ksf

The soll pressure under the footing is nearly uniform, and should not cause
unequal settiements.

The allowable static soil pressure under the footing is
4static = ©-0°ksf Therefore, the stress is okay

Check for Dead Load Plus Earth Pressure Plus Seismic Overpressure

a) Factor of Safety Against the Abutment Sliding

The ultimate sliding coefficient of friction, used for seismic loads, is
vl eq = 0.55
Total vertical load on footing is

kip
P v =565-
f

Horizontal force due to total seismic active pressure is
Fh 291 P
AE =5 g

The factor of safety against sliding is

FSaiding = “Resisting” Sliding Force
“Applied” Sliding Force

With no passive pressure considered in front of the footing
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Single-Span Bridge with Tall Abutment

Design Step heg P,
12:3.2 FS sliding = = FS .. =107  >1.0 okay
slid lid
(continued) laing FhAE sliding

At this time, it is appropriate to check the flexibility of the abutment for
the use of the lower bound value of ky, = 0.5 x A. This lower bound value
requires the abutment to move sufficiently to achieve the “active” soil state
of stress. This movement can be an outward rotation of the abutment, an
outward sliding, or a combination of the two. An outward movement at
the top of the abutment equal to about 0.001 to 0.004 times the wall height
is required for the range of soils usually placed behind abutments. The
geotechnical engineer should be consulted when assessing these criteria
and the design value for ky,.

With passive pressure considered in front of the footing

If the passive pressure on the face of the abutment footing is included in the
calculation, the “net” resistance against sliding of the footing is increased.

E pp = 8.6 kip Total passive earth pressure
ft
Meg Pv* Ep

FS éhdmg = h A\ FS 5hdm@ =136 >1.0 Okay

The code implies that the factor of safety against sliding should be greater
than 1.0. Some state DOTs recommend a 1.1 factor of safety.

b) Factor of Safety against the Abutment Overturning About the Toe of the
Footing (including passive pressure)

Resisting OT moment about the toe of the footing (without passive) is
ft

Mtoe . = -603.9kip —
ft

Resisting OT moment due to seismic passive pressure is

£
Mot PE = —11.1'kip'—f€
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Single-Span Bridge with Tall Abutment

Design Step Overturning moment due to total seismic active pressure is
12.3.2
(continued) ft

The factor of safety against overturning is

FSot == IResisting” Overturning Moment
“Applied” Overturning Moment

-(Mtoer + Mot F’E)

FS ;= FS . =165
ot Mot op ot

Note that the factor of safety against overturning is greater than the factor
of safety against sliding whether or not the soil passive pressure is
considered (sliding factor of safety is 1.07 or 1.36, overturning factor of
safety is 1.65). The abutment will, therefore, theoretically tend to slide
before it overturns.

¢) Calculate the Eccentricity of the Vertical Load About the Centerline of the
Footing

In addition to checking for maximum soil stresses, footing uplift must be
considered. Per Division I-A, Article 7.4.2(B), the footing can experience a
separation of the soil up to one-half of the contact area of the foundation
under seismic loading. This corresponds to an eccentricity of the footing of
B/3 or less.

Resisting OT moment about the centerline of the footing (without passive
pressure) is

ft
Mcl, = -95.1 ‘klp'g
Resisting OT moment due to seismic passive pressure is

ft
Mot PE = - 1.1 kip'g
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Design Step
12.3.2
(continued)

Single-Span Bridge with Tall Abutment

Overturning moment due to total seismic active pressure is
ft

Mot ag = 571.9'kip'€

Total vertical load on the footing is

_kly

P =565
v ft

The resulting net eccentricity of the vertical load is

e := “Net” Overturning Moment
Total Vertical Load

(Mclr + MotFE> + MotAE

€ = e =470t

Py

When the eccentricity of the footing is greater than the kern distance of
B/6, the footing experiences partial uplift. Because in this use the
eccentricity (4.70 feet) is greater than this limit (3.0 feet), there is uplift on
the footing.

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

B =180t Footing width
B
3" o fr Maximum eccentricity to not exceed one-half uplift

Because B/3 is greater than e, ., (6.0 > 4.7 ft) an 18-foot-square footing is
large enough to resist half uplift.

d) Calculate the Soil Pressure under the Footing for Group VII Loading

In cases like this bridge, where the soil material has a large ultimate
capacity, the maximum allowable soil stress limit will usually not control
the footing design.
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Design Step
12.3.2
{continued)

Single-Span Bridge with Tall Abutment

The maximum soil pressure at the toe of the footing, allowing for uplift of the
footing, is g.

~ ki _ |
P =565 — Total vertical lozd on footing
é =18.0+ft Footing width
L =10t Unit length of footing

Eccentricity of vertical load about the centerline of footing is

e =47

Note that some DOTs use a rectangular stress block, and some codes use a
rectangular stress block, for ultimate loads. The half-uplift criteria under
seismic loads, when using a rectangular stress block, need improved
definition.

In this example, a triangular stress block is assumed. The soil stress for this
triangular stress block is

2F,
q = ——— Bowles, 3rd Edition
3 (_5_ _ 8) Eqn (86-14)
q = 8.8°ksf Maximum soil pressure
Aeq = 24.0-ksf Ultimate soil pressure under

seismic loads

The soil must be able to resist this pressure under short-term load without
failure. Commonly, the ultimate soi, pressure is at least twice the
allowable soil pressure. Because q is less than Jeq» (8.8 < 24.0 ksf), the
maximum soil pressure is not exceeded. See Figure 8. The bridge designer
should consult with the project geotechnical engineer regarding ultimate
soil pressure capacities.
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Design Step
.12.3.2 $ rooring
(continued)
= 265.7 KIP - FT
ABUTMENT
YERTICAL_FORCE
F°°T'"°\ Py = 56.5 KLF
ECCENTRICITY OF MAXIMUM SOILSTRESS

Q max = 8.8 KSF

e =4.70 FT ‘
BO
=2 - a.3FT
] LY
L |l

A N . : R
Bo = 12.9 FT

FOOTING WIDTH B = 18.0 FT

SECTION THROUGH FOOTING

Figure 8 — Soil Stress Under Abutment Footing

e) Quick Check of Abutment Footing for Sliding and Soil Stresses
(Longitudinal Loads Combined with Transverse Loads)

In a typical abutment design, only the forces in the local transverse
direction are used in the design checks for sliding and soil stresses.
Typically, soil pressures under the abutment footing due to forces in the
long direction are ignored because of the proportions of the footing. But, as
the abutment wall gets taller and the bridge gets narrower, this effect
becomes more important.

The following calculations include the longitudinal loads on the abutment
in combination with the transverse loads. The loads will be taken from
LC2 in Design Step 7.2.2.
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Design Step
12.3.2
(continued)

FHWA Seismic Design Course

Single-Span Bridge with Tall Abutment

Step 1. Check for sliding due to the resultant lateral shear force. Include
passive resistance in front of the footing.

Total vertical force on bottom of footing is
, kip
F,=565-— Total vertical load on footing, per unit length
ft

L = 405 ft Length of abutment

Total vertical load on footing is
Pi=F, L P = 2814 +kip

Lateral force in local transverse direction of abutment is
kip . .
Fhag = 29.1-}? Total lateral load on footing, per unit length

L =4956-ft Length of abutment
Total transverse lateral load on footing is
Lateral force in local longitudinal direction of abutment is

From Design Step 7.2.2, for LC2, the longitudinal shear is

Vi = 1685 kip Total longitudinal load on footing

Resultant of shear due to orthogonal forces is

2,2 Carn
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Design Step
12.3.2
(continued)

Design Example No. 3

Single-Span Bridge with Tall Abutment

Calcuiate the lateral passive resistance force in front of the abutment footing.

ki
Epp = 8.6°§p Passive resistance in front of footing

Total transverse lateral load on footing is

Find the factor of safety against sliding, where

1! eq = 0.5% Sliding friction coefficient under seismic loads
P = 2814 «kip Total vertical load on footing
V pg = 430 «kip Passive resistance force
V ag = 1460 kip Total longitudinal load on footing
Heq P+ Ve
FS sliding = FS sliding = 1.35 > 1.0 okay

V AE

Step 2. Check for additional soil stress due to the longitudinal shear at the

top of the abutment. See Figure 9.

V| =16865-kp Longitudinal shear force at top of abutment wall

Calculate the approximate location of the shear force above the bottom of the

footing.

y = 24.0-ft

ML=V y M| =4044.0 kipfr
L = 490.8-ft Length of abutment
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Design Step :
12'3.2 TUDI IMENT F
(continued) L

OVERTURNING

MOMENT IN LOCAL
LONG ! TUD INAL !
DIRECTION —

P

/ , \

APPROX 24°'-0"

L
{\BOTTOM OF FOOTING
L

ELEVATION
CHANGE IN

-
r\l\[\l\r\ SoIL STRESS\
\‘\i\_]\u v

SOIL STRESS

L

Figure 9 — Effects of Local Longitudinal Force on Abutment

Calculate the change in the soil stress, due to this longitudinal shear.

B =18.0-ft Width of footing
L2
5, = B-L Section modulus of footing
e
3
SL = 7440.1-ft
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Design Step
12.3.2
(continued)

Design Step
12.3.3

Single-Span Bridge with Tall Abutment

Now the change in soil stress due to the longitudinal shear force can be
calculated. Note that this stress adds to or subtracts from the final stress.

ML

qL¢=5— 4| = 0.54ksf
L

The additional soil stress due to longitudinal forces is 0.5 ksf, which is small
compared to the soil stress of 8.8 ksf due to vertical and transverse forces.
For this case, it is insignificant and is not considered in the design.

Conclusion: The effect of adding the loads in the longitudinal direction is
too small to be significant for the abutment in this example. However,
consideration of these effects may be important in the case of taller,
narrower abutments.

Finalize the Footing Size

The maximum soil pressure under the seismic load combination is g = 8.8 ksf,
which is less than the allowable limit of g = 24 ksf. Also, the half-uplift
criterion is not exceeded, although this criterion is more critical than the soil
stress limit.

Therefore, use the 18-foot-wide footing.

Using the triangular-shaped soil pressure computed above, the designer
can now design the footing for flexure and shear using Division I of
AASHTO. Note that top reinforcement should be included in the footing in
order to support the weight of the soil above the footing due to the uplift
condition.

FHWA Seismic Design Course 3-59



Design Step 12 — Design Abutments

Design Step
124

Design Step
124.1

Design Example No. 3
Single-Span Bridge with Tall Abutment

Design Abutment Stemwall and Footing

Keeping in mind the final forces on the abutment calculated in Design Step
12.2, and the abutment stability and soil stresses checked in Design Step
12.3, design both the abutment footing and stemwall. The backwall is not
included in this design example.

Abutment Stemwall Design
Table 5 summarizes the shears and moments due to the individual loads

contributing to the forces on the abutment stemwall. See Figure 10 for
stress and moment shapes.

Table 5
Factored Shear and Moment
in Abutment Stemwall
Load Case (DL+E+EQ) Forces
vwall, = Mwall, =
W'k, y Foy
Description Force (kip) (ft) (k-ft)
Shear on Bearings Vorg 210 20.0 42.0
Stemwall Inertia v, 216 10.0 21.6
Backwall Inertia Ve 0.7 22.5 2.8
Inertia of Soil Above Heel A 4.68 125 585
Active Soil Pressure Ea 12.74 6.3 &0.7
EQ Overpressure AE ¢ 5.81 12.8 80.2
Summation z 277 2866.8
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Single-Span Bridge with Tall Abutment

Design Step 12 — Design Abutments
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Figure 10 — Transverse Forces on Abutment Stemwall

Design Step

12.4.1
(continued)
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Single-Span Bridge with Tall Abutment

Design Step From the results in Table 5, several observations can be made about forces
124.1 on the abutment. These observations may not apply to other abutments.
(continued)
= The shear due to the additional seismic earth pressure is
approximately half the magnitude due to the normal active earth
pressure (5.81 verses 12.74 kip).

»  The resulting overturning moment (OTM) due to the additional
seismic earth pressure is similar in magnitude to the OTM due to the
normal active earth pressure (80.2 kip-ft verses 80.7 kip-ft) because
the c.g. of the force is higher (0.6H verses H/3).

s Theinertia of the soil above the heel of the footing, and the inertia of
the abutment itself, are significant. The code assumes this mass is
accelerated laterally in combination with the lateral earth pressure on
the abutment. Some state DOTs consider this effect when checking
for sliding and overturning of the abutment, but do not consider it
when calculating forces in the wall and footing.

a) Check Shear in Stemwall of Abutment, Determine if Shear
Reinforcement Is Required

f o = 4000 psi Concrete strength

fy = 00 ksi Yield stress of reinforcement
0, =09 Phi factor for flexure

¢, =085 Phi factor for shear

V= 277kp Factored shear

d = 44:in Depth of steel centroid

b = 12:in Unit length of wall

Calculate the concrete shear capacity of the abutment wall.

\/c = Z'Jf-c‘b’d \/C = ©0.8 kip
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Single-Span Bridge with Tall Abutment

Design Step The concrete shear capacity is greater than the factored shear. Per Division 1,
12.4.1 8.19.11, no shear reinforcement is required where the following formula is met.
(continued)

1
VU<E'¢V'VC V. =277-kip
¢,=085 Phi factor for shear
1
E-(p vV =284-kp

Because the factored shear is less than the above requirement, (27.7 <
28.4 kip), no shear reinforcement is required.

b) Design Flexural Reinforcement for Inside Face of Stemwall
Mwall | := 2866.8 kip ft Factored moment at base of wall

¢, =09 Phi factor for flexure

Compute the percentage of moment reinforcement required.

f . = 4000-psi
b =12¢in Unit length of wall
d = 44+in Depth of steel centroid
Mwall |
Om
Ratio := 5 Ratio = 0.0412
fobd
® = .0412 Reinforcement index
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Design Step
124.1
(continued)

Single-Span Bridge with Tall Abutment

The reinforcement ratio required in the wall, assuming that 1.2 x M crack is
met, is

pi=— p=0.0027

Calculate the area of reinforcement on the backface of the abutment wall, per
foot length of wall.

b =12¢«in Unit width
d = 44-in Depth of steel centroid

f\5 = pbd A =145ein2
5

Use #11 at 12 inches (1.56 in2/ft provided) in the backwall. See Figure 10.
¢) Design Flexural Reinforcement for Outside Face of Stemwall

Design reinforcement on “outside face” of the abutment wall. As a worse-
case scenario, assume that the superstructure acts as a pinned support at
the top of the abutment wall when the wall tries to move away from the
soil. The pressure behind the wall will be based on ky, = 0.5 x A, rather
than a higher force for a truly restrained wall. The wall is assumed to act
as a propped-cantilever, with the maximum moment on the outside face
near the middle height of the wall. See Figure 11.

Calculate the “equivalent” uniform lateral load on the abutment wall.

E Ag = 1655 kip Total active earth pressure force
Vi = 4.68 kip Shear due to inertia of soil on heel
Vy = 216 kip Shear due to inertia of stemwall
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Single-Span Bridge with Tall Abutment

Design Step Approximate the equivalent uniform load on the stemwall. See Figure 11.
12.4.1

(continued) EAE Yy Vi kip
w = O.955°?t—

w = + +
28ft 25t 20-ft

The wall is assumed to span between the footing and the top of the stemwall.

H, =20ft

BRG FORCE
TOWARD SOIL
(ASSUME PINNED)

Q BEARING

s M, lga wi?
—— <g
| 2 —
ABUTMENT
V///.STEMWALL
VERT ICAL CONTROLL ING
REINF MOMENT M,
OUTSIDE OUTS IDE
w ’ FACE FACE —]
AL My
—b— S
IDEAL I ZED MOMENT
SUPPORT D | AGRAM

\ CONDITION  OF WALL
FOOT ING

Figure 11 — Moment on Outside Face of Abutment Stemwall
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Design Step
12.4.1
(continued)

Design Step
12.4.2

Single-Span Bridge with Tall Abutment

The maximum moment causing tension on the exterior face of the stemwall is

My = gt 2 My = 27-kipft

= e = 27« kip:
1T 28 w 1 P
This bending moment is small. Provide minimum reinforcement per
AASHTO Division I, Article 8.17.1 or per local agency guidelines.

Abutment Footing Design
Calculation of the soil pressure under the toe of the footing is based on the
triangular soil distribution shown in Figure 8. Figure 12 shows the

general shear and moment diagram for this loading.

a) Check the Shear in the Toe of the Footing, at a Distance “d” from the
Face of the Wall

First calculate the distance d.

D =30 Depth of footing
d:=D- 3in Depth of steel centroid
d = 33-in

Then calculate the distance x.

Ly =60 ft Length of footing toe
" Distance from critical section to the
X = L.t - d
footing toe
x = 5.25ft
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Single-Span Bridge with Tall Abutment

Design Step
— A ABUTMENT
12.4.2 ] STEM WALL
(continued)
CRITICAL
qs SOIL ON TOP FOR SHEAR
OF HEEL 4
\ d x = 3.25°
TOP REINF
2 ’ ©
L.
, = .
BOTTOM ’\?\L.LJ\J\L Amax SOIL
RE I NF: PRESSURE
By= 12.9°
vu
SHEAR
D | AGRAM
Mheelu
\'
u
MOMENT
D | AGRAM
p
CRITICAL FOR / q Mioey
SHEAR AND MOMENT CRITICAL FOR MOMENT
Figure 12 — Design Forces on Abutment Footing
The soil pressure is related to the contact length of the soil, Bo.
B :=18-ft Width of footing
e =47t Eccentricity of load on footing
B
Bo=3[=—-c¢ Length of triangular soil stress block
2
B,=129f
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Design Step
12.4.2

(continued)

Single-Span Bridge with Tall Abutment

The soil pressure at distance x is

Amay = 8O ksf Max. soil pressure at x
(B~
q)( = —B'——'qmax qx=6.6'k5f
o

Calculate the shear force at distance x.

b=1ft Unit width

X = 3.25ft Critical section
<01 max GLx>

Vo= —-—2—'b'x V = 25+kip

For determining the shear value at x, the dead weight of both the footing toe,
and the soil above the footing toe, should be subtracted from the total shear.
Therefore, the design shear force is

V=V - (27kp + 1.6:kip) v, = 20.7+kip

For this shear, determine if shear reinforcement is required. The basic
properties of the footing are

d = 33 in Depth to flexural reinforcement
b =12:in Unit length of footing

f 1= 4000 psi Concrete strength

fy = ©0-ksi Reinforcement yield strength

The shear capacity of the concrete is

\/c = Z'J‘F-c'b'd Vc = B50.1-kip
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Design Step
12.4.2
(continued)

Single-Span Bridge with Tall Abutment

Per Division |, 8.16.6.6.35(d), no shear reinforcement is required where

V<oV, v, = 20.7+kip

(I?V‘Vc = 42.6‘|(ip

Therefore, because the concrete shear capacity is greater than the shear in
the footing toe, no shear reinforcement is required in the toe.

b) Design Bottom Reinforcement in Footing Toe
The flexural moment in the toe of the abutment footing, due to the triangular

s0il stress, is computed at the front face of the abutment wall. The resulting
moment is given below.

M = 134-kipft

When the moment due to the weight of the footing toe and soil above the toe
is subtracted, the factored moment reduces to

My =M= (43kp) 3 ft M, = 121-kip ft

Now calculate the reinforcement required in the bottom of the footing.

¢,=09 Phi factor for flexure
M u
®m
Ratio := 2 Ratio = 0.03509
f cbéd
w = .031 Reinforcement index

The reinforcement ratio required in the footing, assuming that 1.2 x M crack is
met, is

o,
pi=— p =0.0021

fy
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Design Step Calculate the area of reinforcement in the bottom mat of the footing, due to
12.4.2 50il pressure under the toe of the footing, per unit length.

(continued)
b =12¢«in Unit width
d = 33+in Depth of steel centroid
Ag =pbd Area of flexural reinforcement
A, = 082

Use #9 at 12 inches (1.00 in2/ft provided).

¢) Check the Shear in the Heel of the Footing, at the Face of the Wall

The heel of the abutment footing must support both the weight of the soil
above the footing and the footing weight itself. This extreme case
requirement assures that the footing will not fail if the abutment tips
about the toe of the abutment. See Figure 13 at the end of this design
step.

The weight of the soil above the heel of the abutment is
Ph = 26.0'kip

The weight of the footing heel is

Pheel = 36 kip

The total shear force on the heel of the abutment footing is computed at the
face of the wall, not at distance “d” from the face of the wall, because the
supporting stemwall does not induce compression into the end region of the

footing.
VU:= Ph+ Ph@d Vu=296'klp
0,V =426-kp Shear capacity
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Design Step Because the capacity is greater than the load, no shear reinforcement is

12.4.2 required in the heel of the footing.
(continued)

d) Design Top Reinforcement in Heel of Footing

First, the total vertical loading on the footing heel must be expressed as a
uniform load, w.

V, =29.6kip Total shear force
Ly =&ft Length of the heel
Yy kip
W = — w = 57'
Lh

The moment in the heel of the abutment footing, computed at the back face of
the abutment wall, is

M = w— M U= 118.4 «kip- ft

Compute the area of reinforcement required in the top of the footing.

¢, =08 Phi factor for flexure
M
oy
Ratio := Ratio = 0.0302
f cbd
o = .030 Reinforcement index
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Design Step The reinforcement ratio required in the footing, assuming that 1.2 x M crack is
12.4.2 met, is

(continued)
of,
P== p = 0.0020
Y
b=12.in Unit width
d=33.in Depth of steel centroid
As := prbrd Area of flexural reinforcement
As =0.80 .in? As per foot length of wall

Use #9 at 12 inches (1.00 in2/ft provided).

Design Step Summary of Abutment Design
12.4.3

A summary of the reinforcement specifications required in the abutment
due to Group VII loading is highlighted below and in Figure 13.

a) Abutment Stemwall

Although no shear reinforcement is required, provide a nominal amount per
local agency requirements.

Use #11 at 12 inches on inside face of abutment.
Use minimum steel on outside face per local agency requirements.
b) Abutment Footing

Although no shear reinforcement is required, provide a nominal amount per
local agency requirements.

Bottom flexural reinforcement in toe of footing, #9 at 12 inches

Top flexural reinforcement in heel of footing, #9 at 12 inches
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Design Step
12.4.3
(continued) CROSS-TIES PER

LOCAL JURISDICTION
\/\ /—NOM|NAL RE INF
~N

#11 @ lz"\ i
\\\\\\\\\~

INSIDE FACE

OUTSIDE FACE
/
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AN # ? - /
AY \ 4 7
FOOT ING l J
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HEEL —
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3
\—BOTTOM MAT REINF
FOR TOE, #9 @ 12"

SHEAR STIRRUPS PER
LOCAL JURISDICTION

Figure 13 — Summary of Abutment Reinforcement

DESIGN STEP 13 DESIGN SETTLEMENT SLABS

Not applicable.

DESIGN STEP 14 REVISE STRUCTURE

Not required.

DESIGN STEP 15 SEISMIC DETAILS

Not applicable.
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Design Example No. 3
Single-Span Bridge with Tall Abutment

SECTION IV CLOSING STATEMENTS

The specifications prescribe the force level for the connection between the
superstructure and the abutment for single-span bridges. This connection
force must be accounted for in the design of the abutment. The phrase “no
detailed analysis” does not imply “no detailed design” for single-span
bridges.

The Mononobe-Okabe (M-O) equations, presented in the Commentary of
AASHTO Division I-A, were used to calculate the lateral earth pressure on
the abutment during a seismic event. It was demonstrated in the example
that these complicated equations are simply modified Coulomb earth-
pressure theory equations. By calculating the Coulomb value, one can
check the order of magnitude of the M-O results. The equation for “active”
pressure was verified in a lab for unsaturated soils. The equation for
passive pressure should be used cautiously.

The magnitude of the lateral forces behind the abutment wall depends on
whether the abutment can displace laterally during an earthquake. If the
abutment is restrained from moving laterally, the forces behind the wall
during an earthquake will be much larger than if the system is detailed to
allow a small lateral displacement. For the sake of stability, the wall
should be proportioned to slide before it overturns.

For the calculation of lateral forces on the abutment, the inertia effect of
both the soil sitting on the heel of the footing and the concrete abutment
itself was included. These forces were included in stability checks against
sliding and overturning, and for the design of the reinforcement in the
abutment. Some DOTs include these effects in the stability calculations,
but not in the design of the reinforcement. Others include only one-half
the full value in the both calculations. Therefore, it is important to
determine how the local jurisdiction includes these effects. In this
example, the full values were used, both in the stability checks and for the
design of the reinforcement.
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Appendix A — Geotechnical Data

APPENDIX A

SUBSURFACE
CONDITIONS

SOIL
PROPERTIES

SOIL PROFILE
TYPE

SITE
ACCELERATION

LATERAL
EARTH
PRESSURES

Design Example No. 3
Single-Span Bridge with Tall Abutment

GEOTECHNICAL DATA

Subsurface conditions were derived from two borings drilled at the site, as
indicated in Figure Al. The borings encountered medium dense sand and
gravel and moderately hard, fine-grained moderately jointed, fresh to
slightly weathered limestone. The water table is located approximately

35 feet below the ground surface, perched above the rock. New fill will be
required to construct the approach embankments. The fill is anticipated to
have properties similar to those of the underlying native sand and gravel.

Sand and Gravel, Fill

¢ = 35°
c=0
v = 130 pcf

Allowable bearing pressure = 6 ksf

Ultimate bearing pressure = 24 ksf

Ultimate coefficient of friction along footing base = 0.55

Allowable coefficient of friction along footing base = 0.37 (FS = 1.5)

Type I — Stable deposits of sand and gravel overlying rock within 200 feet
of the ground surface.

0.36g — Taken from AASHTO seismicity map.
The abutments will be cantilever-type and as such will be free to deflect at

the top. The following properties are recommended for computing lateral
earth pressures.

¢ =35°
c=0
v = 130 pcf

8 = coefficient of wall friction = ¢/2 = 17.5°

(Note that the use of values of & greater than 15° can result in
unconservative values of passive earth pressure. A geotechnical
engineer should be consulted to confirm values greater than 15°.)

FHWA Seismic Design Course A-1



Appendix A — Geotechnical Data Design Example No. 3

LATERAL
EARTH
PRESSURES
(continued)

OTHER ISSUES

REFERENCES

Single-Span Bridge with Tall Abutment

kh = A/2 = 0.18g (horizontal acceleration coefficient)

ky = O (vertical acceleration coefficient)

The location of the resultant of the static and dynamic increment of the
lateral earth pressure is worth noting. Typically, the static active and
passive earth pressures are assumed to act at H/3 from the bottom of the
wall. However, Barker et. al. (1991) noted that several researchers have
found experimentally that the force acts at 0.4 to 0.454. In accordance
with typical design standards, a triangular earth pressure distribution is
recommended (equivalent fluid density), with the horizontal resultant
acting at H/3. Regarding the incremental-dynamic earth pressure
(excluding the static part of the pressure), researchers have suggested that
the horizontal resultant acts in the range of 0.5H to 0.6H from the bottom
of the wall (Sherif, 1981; Seed and Whitman, 1970). For most problems, it
is sufficient to assume that the dynamic increment acts as a uniformly
distributed pressure with the resultant at H/2.

Passive pressure may be ignored in the upper 2 feet.

Because of the depth of the water table, the medium-dense relative density
of the sand and gravel, and the presence of rock, liquefaction will not occur.

Barker, R.M., Duncan, J.M., Rojiani, K.B., Booi, P.S.K, Tan, C.K, and
Kim, S.G. (1991). Manuals for the Design of Bridge Foundations,
National Cooperative Research Program Report 343, pp 308,
Transportation Research Board, Washington, DC.

Seed, H.B., and Whitman, R.V. (1970). “Design of Earth Retaining
Structures for Dynamic Loads,” ASCE Specialty Conference — Lateral
Stresses in the Ground and Design of Earth Retaining Structures,
American Society of Civil Engineers.

Sherif, M.A. (1981). Earth Pressures on Retaining Walls, pp 46, Crystal
Press, Seattle, WA.
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ADDITIONAL
CONSIDERATIONS

Single-Span Bridge with Tall Abutment

The following are supplementary geotechnical considerations for Design
Example No. 3.

Seismicity Map

The seismicity map currently contained in the Association of American
State Highway Transportation Officials (AASHTO) Specification for
Bridges is based largely on work conducted by the United States Geological
Survey (USGS) in the early 1980s, with a subsequent revision in 1988.
These maps are periodically updated as more information becomes known
about faulting and tectonic structure in various regions in the country.
Consequently, information contained in the existing maps may be
inaccurate based on current research. While the AASHTO map does
provide the basis for the seismic design of bridges on a national basis,
design engineers should be aware that more recent maps have been
developed by the USGS regarding earthquake hazards in the United
States. Specifically, in 1990 the USGS published probabilistic earthquake
acceleration and velocity charts for the United States and Puerto Rico as
Map MF-2120; and currently, the USGS is updating the seismic hazard
maps for the United States for the Building Seismic Safety Council (BSSC).
In developing these maps, the USGS conducted several workshops in
various sections of the country to obtain input from local experts on seismic
source zones and earthquake activity rates. Based on this information, the
national seismic hazard maps for various areas of the country have
changed considerably. Specifically, the seismicity picture for the Pacific
Northwest was revised based on subduction zone earthquake models that
were not considered in prior analyses. These sources effectively increased
the ground acceleration projections in Western Washington and Oregon by
as much as 100 percent. Thus, use of the draft maps from the USGS may
provide additional insights on seismic hazards that may be considered as a
sound basis for alternate designs for critical structures.

Soil Profile Type

The current version of the AASHTO specifications includes provisions for
three soil profile types that are used to characterize the site amplification
effects of the underlying soils. Under this scheme, Type I is rock and Type
ITI is considered to be a deposit that contains at least 30 feet of soft to
medium stiff clay. While the verbal descriptions corresponding to these soil
types may be adequate in most instances, there may be a number of
occasions where these descriptions may be confusing and may result in
multiple classification of the underlying soils.
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Specifically, the soils found in the Boston area underlying the Central
Artery/Tunnel Project (CA/T) suggest conditions where rock is within

100 feet of the ground surface and may be underlain by Boston blue clay
and estuarine silts. The different consultants working on this project have
classified the soil in this area anywhere between and including Types I and
III. Clearly, this illustrates a difficulty with the current scheme.

Because of the ambiguity in the classifications under the current scheme,
studies were undertaken, primarily in the building sector, to provide a
more rational basis for categorizing underlying subsurface soil conditions.
The resulting revised classification scheme includes descriptors of soil
depth, material type, Standard Penetration Test results, and shear wave
velocity. The implications of this scheme are that estimation of the
engineering properties of the soils underlying the site may be used to
provide a better assessment of the stiffness of the soil column and the
appropriate site categorization for seismic analyses. This classification
scheme is briefly summarized in a paper that was presented at the Fifth
U.S. National Conference on Earthquake Engineering held in Chicago in
1994 (E.E. Rinne). Similar classification systems will likely be used for the
AASHTO code in the near future.

Another difficulty experienced in estimating a soil profile type for bridge
design is the potential influence of liquefaction. Specifically, the soil profile
type changes if liquefaction develops. Many engineers classify soil
conditions as a Type III deposit if liquefaction seems likely to develop,
whereas if liquefaction were not considered likely to occur, the site could be
classified as either a Type I or Type II profile. The rationale for this
classification is the belief that a Type III profile might provide a more
conservative design for the bridge. However, the occurrence of liquefaction
should not fundamentally change the classification of the underlying soils.
Specifically, if liquefaction were not to occur, the underlying soil profile
would not change; whereas, if liquefaction were to occur, the net effect
would not be amplification of ground motions, but more probably an
attenuation of ground motions or reduction of force levels to the structure.
In this circumstance, it would not be necessary to change the profile type,
because the more conservative design would have already been
accomplished using the site acceleration and appropriate soil modification
factor prior to the development of liquefaction. Therefore, the occurrence of
liquefaction should not change the soil profile type classification selected
for the design of the bridge.
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Uniform Hazard Response Spectra

Currently, the AASHTO design provisions contain a normalized response
spectrum shape that is anchored to the site peak acceleration to create the
site design response spectrum. This procedure is based on the assumption
that response spectra in the eastern and western United States are

the same, and that the spectra are not affected by varying levels of ground
motion. Recognizing the limitations of this practice, the building sector
has approached the issue by developing seismic hazard maps
corresponding to spectral ordinates at two different periods. From these
maps, appropriate design response spectra may be created for different
locations throughout the United States taking into account the differences
between earthquakes in the eastern and western United States and the
different characteristics of the earthquakes that could affect the region.
These design response spectra are essentially uniform hazard response
spectra. This research should be reflected in code provisions for the
Building Seismic Safety Council in the near future. Similar provisions
may be reflected in subsequent editions of the AASHTO specifications.

Ultimate Bearing Capacity

For design purposes, bearing capacities have traditionally been determined
based on an allowable settlement of the foundation. Hence, the term
“allowable bearing capacity” has been used quite extensively for both
buildings and bridges. In checking the seismic performance of spread
footing foundations, the structural engineer needs to assess whether the
total foundation loads (dead load, live load, and earthquake load) exceed
the ultimate bearing capacity of the underlying soil. An assessment that
the loads exceed the ultimate bearing capacity of the underlying soil would
necessarily prompt the structural engineer to increase the size of the
footing to enable the loads to stay below the ultimate bearing capacity.

Because most footing design is based on settlement considerations, it is
quite reasonable to expect a factor of safety of at least 2 and perhaps as
large as 5 in the footing design. Therefore, on this basis, allowable bearing
pressure values may be increased by a minimum of 2 and perhaps as much
as 5 to obtain an ultimate capacity value. This ultimate capacity value
reflects transitory loadings during which the loads are applied for only a
fraction of a second before being released.

Consequently, because of the transitory nature of the earthquake loading,
it is reasonable to expect relatively high values for the ultimate bearing
capacities of spread footing foundations. Conditions that would
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suggest that footing size might need to be increased to avoid exceeding the
ultimate bearing capacity of the underlying soils may need to be reviewed
by the geotechnical engineer to confirm that excessive factors of safety were
not used in determining the ultimate bearing capacity for the underlying
soils.

Lateral Earth Pressures

Currently, the Mononobe-Okabe equation is pervasively used throughout
the engineering profession to compute lateral earth pressures on
abutments and retaining walls. This procedure is based on a Coulomb
approach to pressure determination. One of the greatest uncertainties in
the application of this formula is in selection of an appropriate value for
use as the seismic coefficient. Specifically, the AASHTO manual suggests
that a seismic coefficient equal to one-half the acceleration level may be
appropriate provided that the abutment and/or retaining walls can move a
distance equal to 10A (where A represents the peak ground acceleration for
the site). This particular assumption would appear to be somewhat flawed
in that the ability to move this distance implies that the retaining wall or
abutment would have a sliding factor of safety of 1.0 or less. Clearly, this
is not the case because abutments and other retaining walls are typically
designed for a sliding factor of safety of 1.5 or greater. This is not to
suggest that all walls need to be designed for at-rest pressures, but rather
to acknowledge that there is an inconsistency in the existing code, and that
use of active earth pressure coefficient values may still be valid for the
design of walls. Consequently, many walls or abutments may be
adequately designed using a seismic coefficient equal to one-half the value
of peak ground acceleration, provided that the soils underneath the
abutment or foundation walls are stable and not subject to liquefaction,
lateral spreading, or landsliding.

Another factor affecting calculation of lateral earth pressures is
determination of the appropriate shape of the dynamic lateral earth
pressure increment. While AASHTO suggests that a uniform pressure
distribution be presumed for the lateral pressure evaluation, it is not clear
from AASHTO if the uniform pressure represents both active and dynamic
loading conditions, or strictly the dynamic increment. Nevertheless, it is
recommended that the dynamic pressure increment be represented as a
horizontal uniform earth pressure on the wall. This recommendation is
consistent with research conducted by the late Professor M. Sherif at the
University of Washington.
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A final consideration in the lateral earth pressure evaluation are the
pressures contained in the Caltrans’ bridge design aids for abutment walls
(7.7 kips per linear foot). In relating this pressure to other structures, it
must be remembered that the Caltrans’ example is based on an abutment
having a height of about 8 feet. Therefore, this value may not apply to
retaining walls or abutments with different heights. Similarly, the
subgrade modulus contained in the Caltrans design aid would be applicable
only for approximately 8-foot-high abutments that have been backfilled
with clean, granular material. Calculations based on use of different
backfill material, or shorter abutment heights, would generate different
values for the lateral earth pressure coefficient or the subgrade modulus
value.

Liquefaction

Liquefaction potential needs to be evaluated at most bridge locations that
are underlain by Holocene alluvial soils, because these soils are typically
loose and may be susceptible to the development of liquefaction during a
strong earthquake. Liquefaction evaluations are typically performed using
empirical procedures developed by the late Professor H.B. Seed. Using the
Seed procedures to calculate liquefaction can quite typically lead to a
conclusion that liquefaction could occur to depths in excess of 100 feet,
although there is no detailed compilation of earthquake-induced
liquefaction effects to suggest that liquefaction could occur to depths in
excess of 100 feet. On the contrary, most of the existing information
suggests that liquefaction primarily occurs within about 50 feet of the
ground surface. Therefore, many engineers have assumed that
liquefaction would be limited to a depth of 50 feet. While this depth may
appear to be arbitrary, it has typically been supported by the records of
maximum depth to which liquefaction has occurred during recent
earthquakes. Therefore, it is considered that a maximum depth of
liquefaction of about 50 feet is reasonable.

A more important consideration than liquefaction is the development of
lateral spreads, which can occur on slopes adjacent to shoreline areas.
Lateral spreads are particularly hazardous, since they may move piers and
abutments toward the water, causing bridge decks to fall off their
supports. Therefore, it is essential to make an assessment of the potential
occurrence of lateral spreading and to take positive steps to provide
sufficient lateral support for the bridge abutments and piers.
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Potential consequences of liquefaction also need to be addressed in the
foundation design in areas that are not susceptible to lateral spreading.
Typically, this adjustment involves neglecting the vertical support of the
soils in the area where liquefaction occurs and also in the soils above this
zone. Analyses also should include a reduced value of the subgrade
modulus for computing the lateral resistance of the piles in areas where
liquefaction may develop. Thus, the primary focus of foundation design in
relation to the occurrence of liquefaction is on providing adequate lateral
and vertical support for the structure. This analysis may be further
complicated by considerations of loading in that earthquake loads are
considered simultaneously with reduced support from liquefaction. Many
highway departments have handled this issue by treating the loads
separately. While the treatment of the loads in combination most certainly
results in conservative design, this approach may be rather expensive
considering that liquefaction typically does not develop to the end of the
earthquake ground shaking and that the development of liquefaction
typically results in a lower level of ground shaking at the surface.
Therefore, it would appear to be more reasonable to consider these hazards
separately than in combination.
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Figure Al — Subsurface Conditions
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