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FOREWARD

It took an act of Congress to provide funding for the development of this comprehensive
handbook in steel bridge design. This handbook covers a full range of topics and design
examples to provide bridge engineers with the information needed to make knowledgeable
decisions regarding the selection, design, fabrication, and construction of steel bridges. The
handbook is based on the Fifth Edition, including the 2010 Interims, of the AASHTO LRFD
Bridge Design Specifications. The hard work of the National Steel Bridge Alliance (NSBA) and
prime consultant, HDR Engineering and their sub-consultants in producing tlis handbook is
gratefully acknowledged. This is the culmination of seven years of effort be ing in 2005.

The new Steel Bridge Design Handbook is divided into several topics and les as
follows:

Bridge Steels and Their Properties
Bridge Fabrication

Steel Bridge Shop Drawings
Structural Behavior

Selecting the Right Bridge Type
Stringer Bridges ‘
Loads and Combinations
Structural Analysis
Redundancy

Limit States

Design for Constructibility

Design for Fatigue
Bracing System Desig
Splice Design
Bearings

Substructure

ridges

Ce-span Continuous Straight [-Girder Bridge

: Two-span Continuous Straight I-Girder Bridge

Design R : Two-span Continuous Straight Wide-Flange Beam Bridge
: Three-span Continuous Straight Tub-Girder Bridge
Design Example: Three-span Continuous Curved I-Girder Beam Bridge
Design Example: Three-span Continuous Curved Tub-Girder Bridge

These topics and design examples are published separately for ease of use, and available for free
download at the NSBA and FHWA websites: http://www.steelbridges.org, and
http://www.thwa.dot.gov/bridge, respectively.



http://www.fhwa.dot.gov/bridge/
http://www.steelbridges.org/

The contributions and constructive review comments during the preparation of the handbook
from many engineering processionals are very much appreciated. The readers are encouraged to
submit ideas and suggestions for enhancements of future edition of the handbook to Myint Lwin
at the following address: Federal Highway Administration, 1200 New Jersey Avenue, S.E.,
Washington, DC 20590.




1.0 INTRODUCTION

The main focus of the Steel Bridge Design Handbook is obviously the design of steel girder
superstructures. But equally important in the overall design process is the design of
substructures. This module will provide an overview of many issues associated with substructure
and foundation design. However, this is only an overview; the reader is directed to the many
other excellent references that discuss substructure and foundation design in more detail. The
references mentioned at the end of this module constitute a brief list of some of those

publications.
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2.0 FACTORS INFLUENCING SUBSTRUCTURE TYPE SELECTION

Many factors influence the selection of substructure and foundation materials, types,
configurations, positions, and orientations. Often, existing constraints will limit the range of
options and intrinsically lead the designer to only one or a few feasible solutions. Some of these
constraints are discussed below. Some are obvious and some are subtle; some are routine and
some occur only rarely; but all are important and should be considered in each bridge project.

2.1 Hard Requirements

Navigation Clearance Requirements — Design criteria for river, harbor, or other Wéligable water

Guide Specifications for Design for Vessel Impact (1) offe
guidance on this topic.

Environmental Commitments — All modern t&s must undergo a rigorous
environmental permitting process. As part of this ents are often made to
various environmental agencies regarding t i bridges and the nature of both

temporary construction activities the project. These commitments
often include very specific discussio atur® of bridges over environmentally
sensitive areas. These commitments ma ions on span lengths, foundation types,
substructure types, substructure truction access and methods, etc.

Surface Terrain — An obvi e choice of substructure type is the nature of the
existing terrain, both in t and geology. A bridge across a deep, rocky gorge
will need different su dge across a wide marshy swamp. Designers should
re heights, span lengths, etc.), geology (which affects the selection
d their effect on the overall substructure design), and
constructab [ : o build various substructure types in specific locations).

2.2 Existing

Existing Structuf@8— Oftentimes, especially in the more urbanized settings of many modern
projects, existing Structures (both above and below ground) will limit the designer’s options for
substructure placement and configuration. Designers should obtain the best information available
regarding existing structures before laying out substructure locations and discussing foundation
and substructure types. Often a combination of existing plans, site visits, aerial survey, ground
survey, and subsurface survey is necessary to fully describe these existing conditions. Consider
existing roadways, bridges, substructures, foundations, above- and below-ground utilities,
buildings, culverts and other drainage structures, and any other possible existing structures. Also,



keep in mind structures that may not be present at the time of design, but which may be built
before or during construction of the bridge.

2.3 Other Constraints

Site Access — Many factors affect site access, including topography, soil conditions, climate
(weather) conditions, waterways, utilities (both above- and below-ground), existing and
proposed structures, etc. Site access in turn can affect the selection of foundation types and
substructure types. Designers should give careful consideration to the ability &f the contractor to
deliver materials and operate equipment at a given site.

Desired Construction Schedule — On many modern projects with complex
and tight schedules the sequence and timing of substructure and foundatio W@ are key

driving. Sometimes waiting several days for cast-in-place concre el ne next step
in construction is not feasible. Oftentimes drilled shafts require & ’ @port the open hole

because another nearby structure will be built first and its 1 he hole to cave in
For design-build projects, detailed discussions of the propos @Scquence with the
contractor are strongly encouraged. For conv. build projects, it may be

advisable to consider several possible constructiopseq evaluate the impact of
substructure type on constructability issues.

Local Contractor Expertise — In m
limited by the expertise and equipme
an inefficient design may in fact be the
experienced, and efficient at tha, Insights into these issues can be obtained by

talking with local owner-agengiés, rs, and other designers who have a history of
design in a given locality.

oundation and substructure types are
al cOntractors. Sometimes what seems like

2.4 Tolerable Move

Foundation mo@@ments, and the resulting structure movements, should be carefully calculated,
and, perhaps mof@importantly, the effects of these movements on the structure must be
thoroughly assess€d. Tolerable movements should be estimated prior to beginning detailed
design. The structural engineer should work with the geotechnical engineer regarding acceptable
movements and the resulting implications in terms of both the effects on the structure and the
effects on the foundations. NCHRP Report 343 (2) offers a good discussion of the issue of

tolerable movements.

Most of the movements discussed above are related to soil displacements caused by applied
loads. Conversely, in addition to force-driven loading effects, substructures and foundations are



also affected by deflection-driven loading effects, such as shrinkage, thermal expansion and
contraction, etc. This is especially true when integral substructures such as integral pier caps and
integral abutments are used.

For example, the use of integral abutments is often limited to superstructure units of certain
length — longer lengths would result in excessive thermal movements which cannot be tolerated
due to the introduction of overly large passive soil pressures resisting these movements and/or
excessive bending moments in pile foundations. In other cases, excessive movements of the tops
of tall piers may induce unacceptably large secondary loading effects (P-A efdects) depending on
the strength, stiffness, and distance to point-of-fixity of the pier.

'Q
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3.0 FOUNDATION TYPES

A wide variety of foundation types are available for use on steel girder bridges, as on any bridge.
The choice of a preferred foundation type typically is heavily influenced by local subsurface
conditions and past success with similar foundation types in the locality. In some cases, the
nature of the superstructure will also influence the choice of foundation type, especially when
integral substructures are used. Several of the more common foundation types are discussed in
this module. Other types are less frequently used, and occasionally innovative foundation types
are proposed for special circumstances. Designers are advised to involve qualified geotechnical
engineers early in the bridge design process to help select the appropriate fo ion type. In
addition, designers are encouraged to consult one or more references on found design, such

as references (2, 7, 8, 35).
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4.0 SHALLOW FOUNDATIONS (SPREAD FOOTINGS)
4.1 Design Considerations

As with all foundations, the design of spread footings must consider both geotechnical and
structural issues and criteria. The design calculations must address issues related to strength,
serviceability, and movements. In addition there are many constructability issues and site-
specific issues to be considered. Any of these various issues may control the design and all
should be evaluated.

used in proper applications. The decision to use a spread footing, or any fo
matter, often comes down to assessing what is the most appropriate found
given site conditions and the given structural requirements (applied loads,

Spread footing design typically includes the following design ch

Bearing Capacity — A check of the applied maximum beari . llowable bearing
pressure.

Overturning — This check is particularly impcg ing abutments which typically
must withstand lateral soil pressure on the backw footing piers which will have
large overturning moments, particularly if thasai

Settlement — Particularly for s i il, the anticipated settlement must be
determined and compared tlement for the structure.

icularly for spread footings in soil, the anticipated
displacements) and overturning rotations should be determined
ents for the structure, even if the sliding and overturning

tor of safety. References (2, 12) discuss spread footings in
more detail.
4.2 Shallow R@undations (Spread Footings) in Soil

Spread footings af most often used when competent rock is found at shallow depths, but they
can be successfully used for foundations on soil where scour is not a design consideration.
Service level bearing capacities for spread footings in soil are generally in the range of 1 to 3
tons per square foot (tsf). This lower range of allowable bearing pressures often limits the use of
spread footings in soil to more lightly loaded structures.



A key parameter in spread footing design is the assessment of vertical and horizontal
movements. Despite the relatively low applied bearing pressures associated with spread footings
in soil, calculated deflections may be the controlling design parameters.

ay, but other issues arise.

Service level be@ling capacities for spread footings in rock are generally in the range of 5 to 10
tsf or higher. The§®higher bearing pressures can potentially allow much more heavily loaded
structures to be founded on spread footings.

However, the sizing of a spread footing is dependent on more than just an assessment of bearing
capacity. Sliding and overturning checks must also be performed, especially for abutments which
have significant lateral loading from soil pressure, but also for piers which can have high
overturning moments.



Settlement of spread footings in rock is of less concern than for spread footings in soil, but
should still be investigated at least in a cursory manner and compared to tolerable movement
allowables.

Construction of spread footings in rock can be expensive if a significant amount of rock
excavation is required. In addition, designers should also note that the resulting cut rock surface
may not be ideally “smooth and level” and should adjust their detailing accordingly to allow for
more generous construction tolerances. Alternatively, lean (unreinforced) concrete is often
placed in the bottom of the excavation to provide a more level and uniform bgaring surface.

4.4 Detailing Considerations

In many cases, the need to size a spread footing to reduce bearing pressure; ist Slbing and
overturning, and to control deflections will result in a fairly large, stout st \re. [Wforcing

ructability,

relnforcmg bars may be required simply to ensure that the re an support its own
weight prior to concrete placement. ‘

The layout of construction joints should be base
example, the volume of concrete in each lif] ited to control heat of hydration in
lated to hydrostatic pressure of wet
concrete, access for consohdatlon e a stepped concrete structures, etc., may also

suggest the need for constructlon Jomts sonable construction joint layout has

permanently exposed il. er requirements should be adjusted accordingly. Also
i e, that rock cuts may not be “ideally smooth or level” and that

of the excavated\@laterial. But this same nature may also dictate the need for oversized
excavations, genefous cut slopes, and/or temporary shoring of the excavation walls. Designers
should be aware of the need for an excavation larger than the size of the spread footing and
check clearances to adjacent roadways, utilities, foundations, etc. Lack of adequate construction
clearances may result in a design that cannot be built.

Conversely, construction of spread footings in rock may involve more difficult excavation
operations, possibly necessitating specialty equipment or rock removal techniques. Consultation

10



with experienced local contractors early in the design is advisable and can alert the designer to
key issues which may have significant ramifications on their design.

In addition to providing adequate space for construction activities at the site, consideration
should also be given to providing adequate access to the site. Designers should at a minimum

investigate the following parameters of access/haul roads:

» Is the haul road wide enough to accommodate the anticipated equipment and trucks?

» Is the grade shallow enough for safe transit of the anticipated equipmS@and trucks?
* Are the anticipated equipment and trucks able to negotiate any curvg Togaul road?

* Do the haul road and its subgrade have sufficient bearing capacity td
anticipated equipment and trucks?

Again, the value of consultation with experienced local contract
issues early on in the design process cannot be overstated.

4.6 Scour ‘

For bridges at stream or river crossings, scour sh
should extend below the scour line. For the dasi

constructability

d in detail. Foundations
event, foundations should extend deep

such as rip rap armoring can be used to reduce
the effects of scour, especially . ssessment of scour potential is a process
which involves both the gegte@ihi er and the hydraulics engineer, in addition to the

read footings can be caused by any of a number of corrosive
chemicals wh ¢ often found in soils or groundwater. Geotechnical investigations should
include evaluat§@lis of the presence of these types of chemicals. If they are found to be present,
appropriate prot§@live measures should be taken. A wide range of options exists including the
use of special maf€rials (or additives to standard materials), protective surface treatments, more
frequent inspection and/or maintenance intervals, and the use of conservative design assumptions
where future deterioration is anticipated and the strength contribution of part of the structure is
discounted.

11



5.0 DEEP FOUNDATIONS

Deep foundations provide support for substructures in ways that are fundamentally different
from spread footings. Deep foundations can be broadly classified as either driven piles or drilled
shafts (sometimes also called drilled piers or drilled caissons).

Deep foundations such as piles and drilled shafts are typically long, column-type elements which
achieve vertical capacity by means of end bearing in a relatively deep bearing stratum, side
friction through part or all of their depth, or a combination of both. Piles andgrilled shafts

typically achieve lateral capacity by means of embedment rather than sliding ion. Piles and
drilled shafts typically achieve overturning capacity by means of either group al8l@m, where the
overturning moments are resolved into axial force couples distributed amo piles or

drilled shafts, or on an individual basis acting as flexural elements.

12



6.0 DEEP FOUNDATIONS — GENERAL DESIGN CONSIDERATIONS
6.1 Geotechnical Design Considerations

Vertical capacity in piles or drilled shafts is typically derived from either end bearing, side
friction, or a combination of both; note that the effects of down-drag should also be considered
as appropriate. For end bearing piles or drilled shafts, the vertical capacity arises from the
bearing of the end of the foundation element on a competent stratum of soil or rock and is thus
independent of the length of the pile or drilled shaft. Typically the main design parameters are
the bearing capacity of the soil, the axial capacity of the structure element (pN@lar shaft), and the
end bearing area. Note, however, that a minimum length of embedment of the pN@er drilled
shaft into the ground is also usually required for other reasons, as will be dig

parameters are the length of the pile or drilled shaft in the stratury
the perimeter of the pile or drilled shaft cross section, and the fri paGlly of the soil.
Typically, the development of the frictional resistance requf
movement of the pile relative to the surrounding soil.

Note that the side friction capacity of closely s d shafts can be adversely
affected by so-called “group effects.” In simple t ion capacity of an individual
foundation element is reduced when the ele ely spaced; the group of piles or drilled
shafts begin to act as a single entity@ith r measured around the outside of the

Piles and drilled shafts ca i apacity by means of both side friction and end
bearing acting simultane i the specific subsurface conditions. There are no

n of vertical capacity — designs must be addressed on a
d geotechnical engineers using site-specific data.

pile analysis, usually facilitated by computer modeling. In determining lateral
arameters are nearly always related to lateral displacement and overall
stability, rather ({@@ln strength in the strict sense. Usually the limiting parameter in calculating the
geotechnical later®ll capacity of a pile or drilled shaft is the tolerable movement which the
structure can sustain.

A second, but equally important, parameter in evaluating lateral capacity of piles and drilled
shafts is the overall stability of the pile as a function of its embedment into the soil. The pile or
drilled shaft must have sufficient embedment in the soil to resist global rotation. In other words,
the pile or drilled shaft must have sufficient embedment so that the lower end remains fixed
against both translation and rotation.

13



Global overturning moments applied to pile foundations are often resisted as force couples
between piles in a group. For example, one common configuration is to found each column in a
bent on a group of piles connected to the column by means of a relatively rigid integral footing.
In that case the overturning moment is resolved into vertical force couples and the resulting
upward and downward forces on individual piles are combined with the pile loads caused by
overall vertical load in the column. In this case, the geotechnical capacity of the piles in resisting
the overturning moments is simply a function of the axial capacity of the individual piles.

Conversely, in the case of “pile bents” the piles continue uninterrupted abovafinished ground to
the pile cap. In such cases, the piles must directly carry applied moments via'Xg@mading in the piles.

In either case, the lateral analysis should always consider the horizontal loag iles or
drilled shafts and evaluate the resulting horizontal movements at the tops of
elements.

6.2 Structural Design Considerations

must be

the nature of the
luating axial capacity, bending
ired structural analyses are

aft it

In addition to evaluating its geotechnical capacity, the pile
evaluated for its structural capacity. Depending on the natur
structural configuration of the foundation, thighmightd
capacity, shear capacity, or a combination of a
typically fairly straightforward and are essentiall
required for columns.

However, the determination of boun: iti r th€ structural analysis of deep
foundations can sometimes be tricky. ditions for lateral support and stability

provided to the top of the fou
be quantified by means of gith! impli or a more rigorous analysis.

For a simplified analy odeled as a column fixed at its base, neglecting any
other laterg length, and with boundary conditions at the top of the pile based on
the struct depth of the pile to the assumed fixed base is known as the
depth to thd [ 1 entioned above, piles are typically installed with sufficient
embedment } 1 ure fixity in the soil. The key question is at what depth that fixity

occurs. This termmed by means of either rules of thumb (for approximate or preliminary
analysis) or by @ilkans of a more rigorous laterally loaded pile analysis (as described below).

For a more rigoro¥s analysis, the pile is modeled with lateral spring supports where the spring
constants are based on the subgrade modulus of the surrounding soil layers. This type of analysis
can be done either using specialty soil-structure interaction modeling software or using general
finite element analysis software.

Depending on the geotechnical engineer’s recommendation or routine practice of the local

owner-agency, the point of fixity is typically assumed to be either at the highest point of moment
inflection or the highest point of zero horizontal deflection for a given lateral loading.
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In all cases, designers are also encouraged to give careful consideration to the boundary
conditions at the top of the piles or drilled shafts. The nature of the substructure and its
connection to the foundation, as well as the nature of the superstructure and its connection to the
substructure, directly affect the support offered to the foundation elements (for example, a fully
integral connection to the superstructure can often add significant support to a
substructure/foundation system). There can be a temptation to over-simplify the analysis, which
should be avoided. Depending on the nature of the loading, some simplifying assumptions may
ultimately prove to be unconservative.

6.3 Choosing Between Piles and Drilled Shafts

There are myriad considerations in choosing between using pile foundation
foundations, including:

Local Subsurface Conditions: Piles and drilled shafts each have ady
based on the nature of the subsurface conditions. Often these co suggest one
over the other.

ility of laborers with the
ent, etc.

shafts based on their experience with one or T?
required specific skills, the availability and co

Structural Considerations: Depending on th e loading and the configuration of the
rest of the structure, either piles or{ialle etter choice. For example, individual
larger diameter drilled shafts may be i ing lateral loads and moments than

individual, smaller-size, driven piles.

ependi
rest of

Constructability Consideratio
access, or the configuratiog,o
better choice.

structure, either piles or drilled shafts may be a

e environment than others. Close coordination with
sts may be necessary to evaluate the environmental impacts,
ts may influence the selection of the preferred foundation type
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7.0 DEEP FOUNDATIONS - PILES

One broad class of deep foundations are driven piles. Driven piles are predominantly
characterized by the fact that driving operations represent either a large part or the entirety of the
field construction operations. Piles are also typically, but not always, characterized by relatively
slender cross-sectional dimensions compared to drilled shafts. References (2, 10) provide
detailed discussions of driven pile foundations.

S—
RAA

Driven Steel H@lles — These are typically AISC HP sections, which are open H-shaped rolled
steel members. [@8me cases, “driving plates” (flat plates welded across the cross section at the
lower tip of the pile) are provided to increase end bearing area. In other cases, “pile tips”
(serrated end fittings) are provided to allow the lower tip of a pile to “bite” into the bearing
stratum.

Driven Steel Pipe Piles — These are hollow circular steel pipe sections. In some cases, driving
plates are provided to increase end bearing area. Pipe piles are sometimes selected over H-piles
due to the greater structural capacity of the closed pipe section (e.g., greater bending stiffness,
greater buckling capacity, greater moment capacity, etc.).
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Figure 3 Driven steel H-piles arranged as the foundation for a conve
Later, MSE retaining walls will be built in front of these pile gbutment
cap and backwall will be cast.

Driven Precast Concrete Piles — These are generally precas uarg®t round cross
heir bending
capacity.

Auger-Cast Piles — An auger-cast pile is construct
auger into the ground. As the augergs remg
cast piles have been used extensivcig H
seen much bridge use in the US. Ther8
to construction technique.

ontinuous flight, hollow-stem

is pumped into the open hole. Auger-
opc il i ivate sector in the US, but have not

e been pi@hlems with quality, which is very sensitive

Figure 4 Driving of a precast concrete pile.

Timber Piles — Timber piles may seem like “obsolete” technology, but they still are viable in
certain situations. Due to their relatively low structural capacity, the use of timber piles is usually
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limited to lightly loaded structures. But when used in proper applications, timber piles can
provide advantages over other pile types. One example of a good timber pile application would
be the foundation of a lightly loaded pedestrian bridge in a remote area with easy access to
plentiful supplies of high quality treated timber, but where delivery of other materials may be
relatively expensive.

Micropiles and Minipiles — These are very small diameter (generally less than 12” diameter),
often very long, drilled shafts, which achieve virtually all of their capacity from side friction.
Micropiles have been used successfully in Europe. Their use has been encouggged by the FHWA,
but they have not yet seen widespread use in the United States. See referenc for more
information on micropiles.

7.2 Factors Affecting the Choice of Pile Type

The choice of pile type is influenced by many considerations. So
below, but designers are reminded that foundation type selection /8 rocess with
many competing issues. Some examples are:

Precast concrete piles are more often used in situations wher )
severe corrosion. However, solid precast con i i[§@Awith driving plates) may not be
suitable in dense soils where driving of solid of ¢ i ould be difficult or impossible.

Steel pipe piles and precast concrete piles
involving long unbraced pile lengt

ed over steel H-piles in situations
ing and flexural capacity of steel

Steel piles may be preferred ov when the required pile lengths are long enough
that piles must be spliced due ulties associated with splicing concrete piles.
Steel piles are relatively e

Timber pile use is gen imi tly loaded structures, particularly when site access is
1 ity timber is readily available locally.

capacity.
Piles with larger\@loss sections are attractive in cases where side friction is the predominant
source of vertical €apacity due to their greater perimeter (greater area available for generating
side friction resistance).

7.3 Specific Design Considerations for Piles

In addition to the general design considerations for deep foundations listed above, designers are

reminded that driven piles are generally relatively slender members. Their structural analysis
should consider careful evaluation of their buckling and bending capacity, and need to include
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consideration of second-order slenderness effects (P-A effects), particularly in pile bent
applications (which will be discussed in more detail later in this module).

In many bridge foundation applications, piles are used in groups. Designers are cautioned to be
aware of pile spacing limitations and overall pile group geometry and to be aware of the potential

for such adverse situations as:

* Reduction in lateral and/or vertical capacity due to group effects.

» Possible uplift situations due to overturning moments.

solution for providing lateral capacity to pile foundations as long \
carefully evaluated, the effect of lateral loads in increasing the ay considered, and the
potential for pile interferences is checked.

Also, designers are advised that there is such a thing as “too . piles.” In certain
cases, particularly in abutments, where piles Yr be in one direction to resist
lateral soil pressures, battering too many piles It in a situation where the
substructure “walks backward” into the retained ontal component of the
battered pile axial loads being greater than ssi istance of the retained fill on the
substructure.

Designers are also advised to be aware 1 lerances for out-of-plumbness and for
top of pile out-of-position. The olerances lead to eccentricities in the application
of axial load which should be sign of the pile. Keep in mind that the effects
of out-of-plumbness and t sition can potentially be additive, depending on how
the contractor’s ability to control the pile during

driving. For example, may icantly out of position at its lower end while still
meeting thg requirement, and simultaneously the top of the pile may be out of
position i while still meeting the out-of-position requirements. In this
case, the né v g0tr is a combination of both effects.

7.4 Detailing@@®nsiderations for Piles

Pile Spacing — yreviously mentioned, pile spacing can affect both the axial and lateral
geotechnical capa€ity of piles as well as the load distribution in piles.

Footing or Pile Cap Embedment — Piles should be adequately embedded into pile caps or
footings. The determination of adequate embedment should consider: a) the capacity to transfer
pile axial load via end bearing and side friction in the concrete; b) the capacity to transfer pile
bending moments via compression block force couples as described on page 11 of reference (4);
and c) the capacity to transfer pile shear forces via bearing between the embedded pile and the
surrounding concrete.
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Footing Reinforcement — Footing reinforcement should be designed following standard footing
design guidelines which can be found in many references, such as (5, 6). Strut and tie modeling
is also an excellent method for analysis of footings.

7.5 Miscellaneous Considerations for Piles

Construction — Pile construction considerations are myriad. Some considerations include:

difficult or
0, the designer

* Driving — Depending on the subsurface conditions, pile driving may b
physically impossible. In some cases, predrilling might be a solution;

is required for the equipment to operate properly.

» Subsurface Obstructions — Hitting a boulder or an under it{8an ruin a pile
driving contractor’s day; sufficient utility survey an nical field
investigations are usually worth their costs. In extre
underground gas line, the results of u@ese interfe

» Need for Pile Splicing — Long piles will r

requirements, the need for splicing lgagpile preclude certain pile types.

* Need for Pile Tips — When d
mandated that pile tips be used (8
on the rock stratum.

piles to
oid prob

aring'on rock, it may be advisable or even
s with the pile “skipping” or “skidding”

Figure 5 Example of pile tips.

*  Scour — Scour around pile foundations, particularly around groups of piles, can be severe
as the pile causes a disruption in flow resulting in severe eddies that significantly increase
scour. Scour holes around piles represent a loss of lateral support and a loss of side
friction capacity. Both the geotechnical and structural analyses of the piles should include
consideration of scour. Scour effects should be quantified by a detailed scour analysis (3).
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Figure 6 The effects of scour can be severe. Here a drilled sk w icolumn bent has
experienced over 6 feet of permanent (erosion) scour; affood aeent with higher
velocity flow, there will be even more temporary K) scodiat this pier.

tion of concrete and steel can
en found in soils or

ns of the presence of these
riate protective measures should be
ecial materials (or additives to
frequent inspection and/or maintenance
s where future deterioration is

Deterioration — As mentioned above for spre‘oot'

taken. A wide range of options exi
standard materials), protective surface
intervals, and the use of conservatj

by means of simple pile hammer blow count
, the number of blows of known force (known

weight of hammer and t) required to achieve a specified movement of the pile
is record iS i i ut effective method. More sophisticated methods are sometimes
required b s, usually as a means of spot-checking pile capacity. One such
method is t Biving Analyzer (PDA). The PDA is a dynamic testing device which
uses strain gd ation transducers to evaluate bearing capacity, pile integrity, and

driving stresse
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8.0 DEEP FOUNDATIONS — DRILLED SHAFTS

Drilled shafts represent a somewhat narrower range of deep foundation types. In all cases, drilled
shafts can be characterized by a few common features: a relatively deep, round hole drilled in the
ground and backfilled with reinforced concrete. Two good references on drilled shaft
construction and design can be found in Report FHWA-IF-99-025 (7) and NCHRP Report 343

).

Drilled shafts are sometimes categorized by the source of their vertical capacity as either end

bearing drilled shafts, side friction drilled shafts, or a combination of the two$

There are several other features which vary from one drilled shaft applicati
including:

Casing — When shafts are drilled through soils subject to caving, stg 1 d to
keep the hole open until concrete is placed. In some cases the cag
cases it is left in place.

Bottom Configuration — In some instances, the bottom of a P dened to increase

the end bearing area. These are called “belle(wrille
tip of the shaft.

Rock Sockets — In some cases where drille talled in rock with soil overburden, the
shafts are drilled a short depth int d bearing or to achieve lateral fixity.
In some cases, the diameter of these 1ohtl¥ less than that of the rest of the drilled
shaft.

east up to a specified maximum drop height. If there is
crete is sometimes placed under water using a tremie tube (kept

n other cases a slurry is used to displace the water and the

aces the slurry. The use of the slurry-displacement method

g the need for casing since the slurry can be used to prevent cave-
¥. However, the presence of the slurry prevents the inspection of the bottom of

pn before concrete placement.

in of unstable
the shaft excav§
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a conventional stub abutment: b)

res in a drilled shaft are typically the subsurface
conditions and constru 1 resence of groundwater and/or unstable, caving soils

s Ts not very common anymore, primarily due to the difficulties
constrietion and with ensuring a clean bottom for end bearing.

The use of §
associated wl

The need for ro@sockets is typically determined based on the required vertical capacity and
lateral fixity and\@®w these can be achieved. If sufficient vertical capacity and lateral fixity can
be achieved by means of side friction through soil only, rock sockets may not be required.

8.2 Specific Design Considerations for Drilled Shafts

In addition to the general design considerations for deep foundations listed above, designers are

reminded that while drilled shafts are generally relatively stocky members, their structural
analysis should consider careful evaluation of their axial and bending capacity, usually by means
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of an axial-bending interaction analysis. Drilled shaft structural design is essentially identical to
regular reinforced concrete column design and should be approached in that manner.

Depending on the structural configuration, the analysis may need to include consideration of
second-order slenderness effects (P-A effects). In many cases on modern bridges with
multicolumn bents, a single drilled shaft is provided for each column with no intermediate pile
cap. In those cases, the column is literally an extension of the drilled shaft and, if the column is
fairly tall and slender, second-order slenderness effects may become significant. The AASHTO
LRFD Bridge Design Specifications, 5" Edition (5) and AASHTO Standard &pecifications for

analysis) if KL/r exceeds 100.

In other applications, drilled shafts may be used in groups. Designers are ca Aware
of drilled shaft spacing limitations and overall drilled shaft group
the potential for such adverse situations as:

Drilled shafts @ seldom, if ever, installed in battered configurations to address lateral loading.
Instead, lateral @@ is applied to the plumb drilled shaft and is carried via the bending capacity
of the shaft until 8 load is transferred to the soil through the significant projected lateral bearing
area of the shaft. Note that this load transfer mechanism contributes to the previously mentioned
design moments in drilled shafts, and these moments must be considered in the structural design

of the drilled shatft.
As is the case for all foundation designs, in addition to checking structural and geotechnical

capacities, settlement and horizontal movements should be calculated for drilled shafts and
compared to tolerable movements.
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Be aware that some vertical movement is required to generate end bearing capacity in drilled
shafts. One rule of thumb is that vertical movement of about 5% of the shaft diameter is required
to generate full end bearing capacity. In some cases, geotechnical engineers will limit the use of
the end bearing capacity to as little as 25% of the full end bearing capacity in order to limit the
vertical movement of the shaft.

Similarly, a common rule of thumb is that about 2" of vertical movement is required to mobilize
side friction capacity.

8.3 Detailing Considerations for Drilled Shafts

Drilled Shaft Spacing — As previously mentioned, drilled shaft spacing can
geotechnical capacity of the shafts as well as the load distribution in the sh,

er drilled
ically advanced as
into position prior

unstable soils which are subject to caving. Casing may also be re
shaft construction such as in creek and river crossing bridges. T
the shaft is drilled, although sometimes in weak soils the ca
to drilling. The casing is typically large diameter steel pipe,
soil pressure or hydrostatic pressure and also g@resis ical Y@&ding either from installation

loads or from loads applied by equipment or platf; be mounted on the casing.

Casing may be left in place or may be removed, ber of issues, including ease
of removal.

ation, problems which are hard to identify due to lack of
led shafts, reinforcement may need to be spliced; lap splicing may

Detailing for Ins@@¢tion — Cross-hole sonic logging (CSL) tubes are often also required and may
add to reinforcing®Congestion problems. At least two CSL tubes are required in a drilled shaft to
perform CSL testing; typically four or more are provided. CSL tubes are galvanized steel or PVC
pipes, typically 1.5” to 2” in diameter, placed around the perimeter of the reinforcing cage. The
CSL process is further explained in the next section.

Footing or Bent Cap Attachment — Drilled shafts are cast in place concrete structures, so they do

not need embedment into a footing or bent cap per se, but the reinforcement within a drilled shaft
is typically projected into the footing or bent cap, usually a full development length. Some
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owner-agencies prefer to provide hooks on the projecting reinforcement. Reinforcement
projections which provide less than full development of the bars can be used if shown adequate
by detailed design calculations, but their use is not encouraged.

Footing Reinforcement — Footing reinforcement should be designed following standard footing
design guidelines which can be found in many references, such as AASHTO LRFD Bridge
Design Specifications, 5™ Edition (5) and AASHTO Standard Specifications for Highway
Bridges (6).

8.4 Miscellaneous Considerations for Drilled Shafts

Construction — Drilled shaft construction considerations are myriad. Some
include:

* Drilling — Drilling of drilled shafts is generally a large scalg | and

, 4

» Access — Drilled shaft drill rigs are not's
required and should be investigated. More
vertical clearance is required for the ggui operate properly. Keep in mind that not

in the open drilled shafts. Co i nd pumpers are also required to

g tremie concrete placement methods.

shaft contractor’s
investigations ar:

ty survey and sufficient geotechnical field
n extreme cases, such as hitting an underground gas
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Figure 9 Drilled shaft drilling rig. Note the steel ¢ 1 bove round.

Scour — Scour around drilled shaft foundatior’part d groups of drilled shafts, can

d structural analysis of the drilled
shafts should include consideration ould be quantified by a detailed

scour analysis (3).

otings, deterioration of concrete can be caused
are periodically found in soils or groundwater.

Deterioration — As mentioned
by any of a number of corrosi

, Geotechnical Capacity — Drilled shaft capacity is often not directly verified.
placed on measurements of the shaft diameter, depth, characteristics of the

strength. More sophisticated methods are sometimes required by contract specifications, usually
as a means of spot-checking drilled shaft capacity. One such method is the use of an Osterberg
Load Cell (O-cell). The O-cell is a specially designed hydraulic jack lowered to the base of the
shaft hole with the reinforcing cage. After concrete placement and curing, the O-cell is
pressurized and causes an upward force on the shaft and a downward force on the foundation
material. Side friction and end bearing resistances are measured and compared to the required
design values. Reference (9) discusses the O-cell in detail.
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Testing/Inspection, Structural Integrity — The integrity of concrete placed in drilled shafts can be
verified using cross-hole sonic logging (CSL) testing. For this testing, galvanized steel or PVC
pipes are installed around the perimeter of the shaft prior to concrete placement and filled with
water. Ultrasonic probes are lowered into the tubes and measurements taken. Voids in the
concrete as small as 2.5" can be identified.

Testing/Inspection, Visual — In drilled shafts designed primarily as end bearing foundations the
bottom of the shaft hole should be inspected visually. This can sometimes be done by direct

visual inspection if the shaft is fairly shallow, dry, and large enough diamete In other cases, a
Shaft Inspection Device (SID) is used; the SID is a remote camera system a g inspection of

the bottom of deep shafts.
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9.0 ABUTMENTS (END BENTS)

Abutments (a.k.a. end bents) support the superstructure at the ends of a bridge. Typically
abutments must resist not only loads from the superstructure, but also soil pressure loads as they
act to retain the approach roadway embankments (note that soil pressures can increase during
seismic events).

There are several different basic types of abutments, which can be broadly categorized for
discussion purposes as conventional, semi-integral, and integral abutments. Each type will be
described in some detail below.

The choice of which of these three abutment types to use is influenced by sg
including bridge geometry (e.g., bridge length, skew, etc.), other geometrid
required horizontal clearances, etc.), anticipated loads, future maintenance @

owner-agency preferences.
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10.0 CONVENTIONAL ABUTMENTS

Conventional abutments, sometimes called seat-type abutments, are characterized by these
features: a joint separating the bridge deck from the abutment backwall and approach
slab/approach pavement, and separation of the superstructure from the abutment by a bearing
device of some kind.

These separations simplify the design of conventional abutments and can simplify their
construction as well since the superstructure and the substructure are treated jndependently with
a well-defined interface. On the other hand, conventional abutments require @ise of expansion

potential for deterioration of the girders, bearings, or abutments. In additio indancy
and robustness found in integral or semi-integral abutments is not found in |
abutments.

10.1 Design Considerations for Conventional Abutments

There are numerous issues to consider in the layout and de entiog@ abutments.
Several are listed below:

Height — Conventional abutments can be broe&y s of height as either stub
abutments or tall abutments. In a stub abutment, t utment cap is set at a
nominal, and usually fairly shallow, depth, g uch deeper than the cap width, or less.

abutments usually also feature a hea 1 abutment cap. The grade of the

header slope can be as shallow as 4:1 o steep as 1:1 or steeper, depending on
owner-agency typical preferenc siderations, clearance considerations, and,
notably, slope stability considg@ti 1 onsideration of the type of slope protection
used, if any.

as retaining walls as well as supports. Tall abutments
| clearance requirements below the bridge prohibit the use of a
cture span lengths restrict the location of the abutment.

Tall abutments, on the
are often
header sl
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maintaining horizontal cleara
Mechanically Stabilized Egrth

soil nail walls, drilled shaft walls, etc. There are a
ordination is required to ensure the abutment

a minimum the abutment and its backfill represent a surcharge
ding on the abutment and the wall configurations, additional loads

» The need to fit bearings and anchor bolts with adequate edge distances.

* The need to fit one or more rows of piles or drilled shafts with sufficient spacing and
edge distance.

* The need to meet seismic detailing guidelines related to required seat widths.
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§ l (b)

Figure 11

the abutme p; b) stub abutment with turned back wingwalls; c) stub abutment with
turned forwaf@wingwalls (a.k.a. “ear walls”); d) stub abutment with MSE retaining wall
and wingwalls parallel to the abutment cap.

Wingwall Configuration — Wingwalls are provided to retain the backfill which would otherwise
“spill around” the ends of the abutment backwall and cap. Wingwalls can be oriented in a
number of directions including parallel to the cap, angled at some angle (e.g., 30 deg., 45 deg.),
turned back (parallel to the roadway, pointed away from the span), or turned forward (parallel to
the roadway, pointed toward the span). The preferred orientation and layout of wingwalls is
usually determined by owner-agency preference or local practice.
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Expansion Joints — Expansion joints should be designed for the anticipated movements of the
superstructure relative to the abutment. Care should be taken in calculating these movements to
account for all potential sources of movement. Thermal expansion and contraction are typically
the primary sources of these movements but other sources may exist, particularly for longer
structures or structures subjected to seismic events.

Expansion joints also need to be designed structurally for anticipated vehicle loading, although in
many cases this boils down to selecting an appropriate joint from a selection of standard owner-
agency or vendor designs based simply on the anticipated traffic.

selection of the appropriate joint type; in fact, many owner-agencies have
guidelines on this topic.

stabilized backfills, others require free—draini?g
geotextile fabric, and so on. Backfill requirem¢ent
drainage, as will be discussed further below. Dest
appropriate owner-agency regarding backfi i or abutments.

, sometimes reinforced, with
de provisions to facilitate

slabs varies significantly among
different owner-agencies and designers, s of the country, and different structure

methods, detailing preference
backwall, and even whethez o ide approach slabs — are all issues for which the
answers vary significant gency to the next. Designers are advised to consult

Drainage
surfaces o
drainage of 1

iling for drainage of the backfill behind the abutment. For
ent, simple common sense rules should be followed to provide

For drainage of 88 backfill behind the abutment, owner-agencies often have standard drainage
details included e®her with their preferred abutment details or with their preferred backfill
details. These may include the use of free-draining granular backfill materials, drainage strip
materials placed against the abutment backwall, weep holes in the abutment, underdrain systems,
etc.

The following elements of conventional abutments require some degree of design:
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Abutment Caps — Caps should be designed for vertical loading as beams spanning between
foundation elements. This may be a moot point for abutments on spread footings. The design
should include consideration of vertical moment and shear. The design may need to address
torsion as well, particularly if the abutment or its backwall are particularly tall, or if there is
significant eccentricity between the centerline of application of superstructure reactions
(centerline of bearing) and the centerline of the foundations.

Abutment Backwalls — Backwalls are typically designed as cantilever retaining walls carrying
lateral soil pressure from the backfill. Some agencies also require applicationgof tractive forces to
the top of the backwall.

Figure 1 butment with MSE retaining wall and wingwalls parallel to

the abutment cap.

Abutment FouR@gtions — The analysis of the abutment cap should include consideration of the
foundation systd@and should probably include calculation of the foundation loads for separate
use in the founda®®n design. Different designers and different owner-agencies have adopted
various approaches to the calculation of abutment foundation loads. In some cases, the abutment
cap is assumed to act as a rigid body, equally distributing all vertical loads among all piles. In
other cases, the abutment cap is assumed to act as a continuous beam on pin supports, with the
distribution of load to each pile calculated based on standard beam theory.

10.2 Forces on Conventional Abutments

Conventional abutment design should consider the following forces:
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e Abutment cap self weight

e Abutment backwall self weight

e Abutment wingwall self weight

e Miscellaneous dead loads (bearing seats, lateral restraints, etc.)

e Superstructure dead load (including girders, cross frames, deck, barric’gails, medians,

overlays, provisions for future overlays, etc.)

e Approach slab dead load
e Superstructure live load
e Approach slab live load
e Lateral soil pressure on the backwall ‘
e Lateral soil pressure on the wingwalls

e Live load surcharge

e Longitudinal forces (in select c
connection provided bet

e Seismic loads
10.3 Detailing Consi i ntional Abutments

Abutmen 1 o detail. There are many different elements converging in one
1 are and thoroughness in their layout and detailing.

nections — Different owner agencies have different details for the connection
to abutments. Some prefer full moment connections with a double row of
reinforcing. So refer a single row of reinforcing and detail the connection as a hinge,
sometimes with offier provisions such as the use of bond-breaker materials. Some prefer not to
provide a positive connection between the abutment and the approach slab. Designers are
advised to review their owner-agencies preferences for detailing of this connection and to try to
keep their design assumptions consistent with the detailing used.

Expansion Joints — There are so many variations on expansion joints that it is difficult to write a
few rules of thumb for detailing abutments at expansion joints. The designer is simply advised to
study the provided expansion joint details carefully and to detail the abutment appropriately to
adequately accommodate and anchor the expansion joint. Note that many states recommend the

35



use of blockouts and a second concrete, grout, or elastomeric concrete placement for the
expansion joints. Sometimes anchoring reinforcing is provided within this blockout, sometimes it
is not.

Construction Joints — Construction joints should be judiciously provided in abutments. Usually a
construction joint is provided between the abutment cap and the abutment backwall. Sometimes
construction joints are provided at the wingwall interface. Construction joints are often also
provided in very long (wide) abutments to facilitate placement of concrete in more manageable
volumes.

Bearings — Bearing design itself is a complex topic — many good
purposes of this discussion it is enough to advise designers tg mai eir bearing seats
are detailed to accommodate the proposed bearings. This m i
bearing seats, provisions for inset of the bearings into the be fuate seat length for
anticipated seismic displacements, etc. Beari esigamis disc
titled Bearings of the Steel Bridge Design Han

Anchor Bolts — Anchor bolts can prove to b matic to deal with during construction if
they are not detailed and installed .o isali nt of anchor bolts vs. holes/slots in
sole plates, etc.). Anchor bolts shoul kst al[Yoads applied to them, including
horizontal shear loads, e.g., due to seis nd vertical pullout loads. In addition to
sizing the anchor bolt itself for concrete within which the anchor bolt is to be
installed should also be check
procedures for design of e@b In many cases, owner-agencies have standard

ents for anchor bolts, and designers should seek

oncrete, cause contractors no end of nightmares. If permitted by
fire encouraged to detail the anchor bolt installation or the bearing

diameter s¥gnificantly larger than that of the anchor bolt is embedded into the abutment
cap during cap concrete placement. Later, when the superstructure is in place, confirming
the exact required anchor bolt location, the anchor bolt is grouted in place.

» Using field welded bearing connections — In many cases, the ability to adjust anchor bolt
and bearing locations can be improved by allowing the sole plate to be connected to the
girder using a field welded connection. In this way the exact position of the bearing
relative to both the girder and the anchor bolts can be adjusted in the field.
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Reinforcing — Reinforcing in abutments should be detailed following generally accepted
detailing practices. Special care should be paid to detailing the connection of the wingwalls to
the cap and backwall to avoid reinforcing conflicts and congestion, but to still provide a sound
connection.

Pile Embedment — When piles are used as the foundation for an abutment, they are typically
embedded at least 9" or more into the cap. In most cases, spiral or hoop reinforcing is provided
around the embedded pile as confinement reinforcing, and in some cases a ngminal mat of
reinforcing is provided directly above the pile. These detailing practices are g@ally based on
owner-agency preferences.

Drilled Shaft Reinforcing Embedment — As mentioned in the drilled shaft d ier in
this module, the vertical reinforcing projecting from a drilled shaft into the §
usually detailed to be fully developed in the cap.

Battered Piles — Depending on the abutment height and the resul pressure on the
abutment, it may be necessary to provide battered piles (so ce” piles) to resist
the applied horizontal forces. Typically, the number of batte i ed so that the sum
of the horizontal components of the battered ces the net horizontal force due
to active soil pressure on the abutment backwa

Wingwall Piles/Drilled Shafts — Dependin ngineering judgment, or owner-agency
policy, wingwalls over a certain | i i
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11.0INTEGRAL ABUTMENTS

Integral abutments are a class of abutments in which the superstructure is integrally connected to
the abutment and the abutment foundation. Generally the girders are set on an abutment cap and
a closure pour is cast which encases the ends of the girders such that the girder ends are
embedded several inches or more into the abutment concrete. In some cases, there are other
positive connections provided, such as reinforcing running through holes in the girder webs, or
anchor studs welded to the girders and embedded in the abutment concrete.

Integral abutments are different from semi-integral abutments (described in
that for integral abutments there is no intentional moment relief detail (hinge)
the superstructure and the abutment foundation. However, much of the gui
integral abutments is applicable for semi-integral abutments as well.

detail later) in

Integral abutments are most typically founded on a single line of vg
integral details have occasionally been used with piles, drilled s
H-piles provide acceptable vertical load capacity and reasonable
longitudinal bridge movements without developing excessi
the piles are installed in predrilled, permanently cased holes )
adequate pile flexibility if the natural soils ar*o sti allowsufficient pile flexibility.
Foundation systems which are inherently inten: ontal movement and/or
abutment rotation (such as battered pile foundatio s of piles) are not a good
choice for integral abutments.

module for co
owners limit th

1onal abutments apply to integral and semi-integral abutments as well. Some
cam depth that can be used for an integral abutment.

In addition, the w#ll designer needs to be fully informed of the abutment configuration when
designing the wall, in order to make sure that all loads are correctly quantified in the wall
analysis. Great care should be taken in designing integral abutments in conjunction with
retaining walls to either: a) carefully and rigorously calculate the loading effects on the wall,
particularly loading effects caused by integral abutment movements; or b) isolate the piles from
the surrounding soil above the bottom of the retaining wall, sometimes accomplished by
surrounding the piles with a compressible fill material retained by oversize pipe sleeves around
the pile.
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Width — The considerations mentioned previously in this module for conventional
abutments apply to integral abutments as well.

Wingwall Configuration — Many of the considerations mentioned previously in this
module for conventional abutments apply to integral and semi-integral abutments as well.
Note that for integral and semi-integral bridges, wingwalls typically do not use piles or
drilled shafts for support of overly long walls and that they are typically tapered rather
than square. Some designers and some owner-agencies have advocated providing an
expansion joint between the wingwalls and the abutment cap and bacjgwall, in order to

between the approach slab and the pavement.

gral abutments should be
uding options that reduce the

Backfill — Backfill requirements for iagral

evaluated on a case-by-case basis. Ma‘$ oRti
unit weight or other properties of the bac
on the abutment.

Approach Slabs — Integral an 1-1 utnient bridges should always use an
approach slab. The approach sla iled with some type of positive

problems associated wj
backwall. Many degig se a single row of reinforcing bars for this

ail which allows the abutment to rotate more freely
without induci 1 es in the approach slab. Other approach slab design
endations mentioned previously in this module for conventional

ral and semi-integral abutments as well.

ferations mentioned above for conventional abutments apply to
g semi-integral abutments as well.

gents of integral and semi-integral abutments require some degree of design:

Abutment Caps — Caps should be designed for vertical loading as beams spanning
between foundation elements, although this may be a moot point for abutments on spread
footings. The design should include consideration of vertical shear and moment. Care
should be taken to identify exactly which loads act on the effective abutment cap section
at various stages of construction. The design may need to address torsion as well,
depending on the specific configuration of the structure.

39



» Abutment Backwalls — Unlike backwall design for conventional abutments, backwall
design for integral and semi-integral abutments typically models the backwall as a
horizontal beam between the girders, carrying lateral soil pressure from the backfill, if the
backfill is placed after the deck closure pour is placed around the girders. Alternately, if a
partial thickness backwall and the backfill are placed prior to setting the girders and
placing the closure pour, that partial thickness backwall is typically designed as a
cantilever retaining wall carrying lateral soil pressure from the backfill.

careful and realistic consideration of the particular detailing of the
particularly longer walls, include pile or drilled shaft foundations, s

>

conservative, simplified strip-beam analyses. In other ca
theory may be more appropriate.

» Abutment Foundations — The analysis of the abutme ude consideration
of the foundation system and include ‘cula @ of thd@undation loads for separate use
in the foundation design.

Different designers and different owner-age opted various approaches to the
calculation of abutment foundatio ic SO ases, the abutment cap is assumed to
act as a rigid body, equally distributi i ds afhong all piles. In other cases, the

-integral abutment design is the calculation of

tion elements. Appropriate design methodologies
have been the subject gners are encouraged to have open discussions of this
issue with deir appropri wner-agency prior to beginning a design.

The range &
vertical pile
geometry pard

es is wide. Some have reported success by simply calculating
i@roria@ny horizontal force effects, and keeping the bridge length and other
rs within specified limiting values.

However, a mor§@mprehensive analysis is usually warranted and would consist of careful
calculation of sup€rstructure movements and other horizontal force effects on the abutments,
combined with a nonlinear soil-structure interaction analysis of the foundation elements. A
simplified way to approach this is to separate the foundation analysis from the rest of the
structure and consider the foundation elements independently. For the case of pile or drilled shaft
foundations, this lateral analysis would be accomplished via a laterally loaded pile analysis, often
facilitated by a standardized computer model based on p-y curve analysis of the lateral response
of the soil which can be accomplished with programs such as LPILE or COM624. The
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geotechnical engineer and the structural engineer would iteratively exchange information until
the laterally loaded pile analysis and the structural analysis converge.

A more rigorous approach to a comprehensive analysis might involve the modeling of the soil

response directly in the structural analysis model. This step eliminates the tedious iterations of
exchanging information manually between the geotechnical and the structural analysis models,
but the resulting soil-structure interaction model can become fairly complex.

In either case, designers are encouraged to involve a qualified geotechnical eggineer 1n the

(e.g., “fixed head condition” vs. “free head condition” vs. other, more refin
moment and translational stiffnesses).

Often a simple 2D model is a sufficiently comprehensive approag

abutment brldges so this level of modeling complexity is pr sary in most cases.
Once the analysis method is selected, there a t111 o be addressed. For example, in
many integral abutments founded on steel piles, itudinal movements of the
bridge will cause sufficiently high internal loads oment capacity of the pile is
exceeded. In those cases, the common assu i low a plastic hinge to form, which
provides significant moment relie
piles.

ion the piles so that they satisfy the requirements
TO LRFD Bridge Design Specifications, 5™
Edition (5) and AASHTO Sta iM@ations for Highway Bridges (6) for steel beam-

i at allowing a plastic hinge at the pile-abutment

Simultaneously, many designer:

resolution & c8atlms beyd the scope of the Steel Bridge Design Handbook. Designers are
encouraged :

While much of bove discussion focused on design issues for steel pile foundations for
integral and semi¥ntegral abutments, many of the same discussions apply to integral and semi-
integral abutments with drilled shaft or spread footing foundations as well. However, these
foundation types do not offer the same ductility as steel piles, and so allowing plastic behavior is
not advised.
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11.1 Superstructure Design Considerations for Integral Abutment Bridges

For many years, the general assumption has often been to ignore any support restraint from the
integral abutment when designing the superstructure. However, designers are warned that this
may not be conservative in all cases. In the past, it has been considered universally conservative
for superstructure design to consider the abutment support as a pinned support. While this is
conservative for analysis of the positive moment region of the girders, it is not necessarily
conservative at the ends of the girders. At the ends of the girders where they frame into the
integral abutments, some degree of negative moment may develop, depending on the relative

simply supported at that end, as was originally assumed in the s
concerns associated with such overstresses will be related to se

simple support conditions at integral abutme
sizing of the girders. Then, a second analysis ¢
its foundation are included in the overall superst
integral abutments. The results of this seco
the integral abutments and to size
backwall / cap.

ere the integral abutment and
model the frame action at the
be used to check the girder design at
its continuation into the abutment

11.2 Forces on Integral Abut

Integral abutment design s onsider Wik following forces:

* Approach slab dead load
* Superstructure live load

* Approach slab live load
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» Lateral soil pressure on the backwall (active & passive)
» Lateral soil pressure on the wingwalls

» Longitudinal applied forces (in select cases, depending on the nature of the bearings
provided between the superstructure and the abutment).

* Induced forces due to longitudinal movements (most importantly thermal movements)

* Seismic loads

Note that superstructure loads such as dead load and live load can potential §#pplye@Qments (or
rotations) to the integral abutments, depending on the stiffness of the abutn| Qakutment
foundation. In the past these effects have been ignored by many de51gners ¢

assumption that the superstructure is usually significantly stiffer t itc s fent and

its foundation. However, designers are warned that this is not al
investigation of this issue, at least in a cursory manner, is advisa

11.3 Detailing Considerations for Integral Abutments

The detailing of the concrete for integral abut? ca ci@lsimpler than for conventional
abutments, because the shapes are often much 51 . How eat care must be taken when
detailing the interface between the abutmen nd approach slabs to permit adequate
ately.

reinforcing and detail the con
of bond-breaker materials, ised to review their owner-agencies’ preferences for

their design assumptions consistent with the

provided.

Construction Jo@ls — Construction joints should be judiciously provided in integral and semi-
integral abutment®. Usually a construction joint is provided between the abutment cap and the
abutment backwall. Sometimes construction joints or expansion joints are provided at the
wingwall interface. Construction joints are often also provided in very long (wide) abutments to
facilitate placement of concrete in more manageable volumes. Depending on the intended
construction sequence, a vertical construction joint may be provided between the partial
thickness backwall and the closure pour around the girder ends.
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Bearing Seats — In integral and semi-integral abutments for steel girder bridges, bearing seats per
se are not usually provided.

Bearings — For steel girder bridges with integral abutments, traditional bearings typically are not
provided since there is no relative movement or rotation between the girders and the abutment
cap. Instead, typically a nominal leveling pad or unreinforced neoprene pad is provided, along
with anchor bolts. Alternately, some designers and owner-agencies prefer using “heavy” bolts
which function as vertical supports as well as anchor bolts. The bolts must be designed as
columns to resist the dead load and live load of the girders, the deck, and theglosure pour, but
they offer the advantage of allowing vertical adjustment of the ends of the g1 via adjustment
of the support nuts.

Anchor Bolts — Many traditional design rules and suggestions for anchor b
directly in integral and semi-integral abutments. However, many traditiona

structure can be adapted for use in integral and semi-integral ab
suggestions listed above for Anchor Bolts in conventional abut

generally acd
connection o ingwalls to the cap and backwall to avoid reinforcing conflicts and
congestion, but\@still provide a sound connection. Also of concern is the detailing of the
reinforcing conn§@hing the abutment to the deck and, if provided, the reinforcing connecting the

abutment to the girders.

Pile Embedment — When piles are used as the foundation for an abutment, they are typically
embedded some specified distance into the cap. In most cases, spiral or hoop reinforcing is
provided around the embedded pile as confinement reinforcing, and in some cases a nominal mat
of reinforcing is provided directly above the pile. These detailing practices are usually based on
owner-agency preferences. However, designers are reminded that the connection of a pile to an
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abutment cap in an integral end bent bridge is a moment connection and the pile embedment
must be designed to accommodate that moment. Reference (4) provides a good design example.

Drilled Shaft Reinforcing Embedment — As mentioned in the drilled shaft discussions earlier in
this module, the vertical reinforcing projecting from a drilled shaft into the abutment cap is
usually detailed to be fully developed in the cap.

Battered (Brace) Piles — Battered piles are not typically used in integral abutments; however,
they may be used in semi-integral abutments.

Wingwall Piles/Drilled Shafts — As mentioned previously, most designers and r-agencies

discourage or disallow the use of founded wingwalls.

‘N
\
™
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12.0SEMI-INTEGRAL ABUTMENTS

Semi-integral abutments are a class of abutments in which the superstructure is integrally
connected to the abutment backwall, but the abutment backwall is isolated from the abutment
cap by means of some sort of hinge detail. Semi-integral abutments offer some of the advantages
of fully integral abutments such as elimination of expansion joints and a robust end diaphragm
detail for the superstructure, while also reducing the moment demand on the piles by providing a
reliable hinge detail that allows the piles to behave in a free-head rather than a fixed-head
manner (i.e., the top of the pile is free to rotate as well as to translate).

abutments as well. Some specific guidance related to semi-integral abutme ided here,
but a full discussion of semi-integral abutments is beyond the scope of this
variations in terms of configuration are myriad and affect mostly the desig
itself. The reader is directed to a recent compendium document, th
FHWA Conference on Integral Abutments and Jointless Bridges
papers on integral and semi-integral abutments.

The superstructures for semi-integral bridges are generally s
conventional structure, thus allowing longitugdmal tr i
separate from the abutment stem, yet the beam'e
abutment bridge. Details are developed to keep tht
between the backwall and the abutment ste

ngs as with a

this case the backwall is

the backwall as in an integral
Il from working its way out

Semi-integral bridge detailing can b€ ngeY bridges than integral detailing
because the movement capacity is not I movement/bending capacity.

integral abutments in order to i joints above the beam ends while retaining most
of the existing abutments.

to be semi-integral have accomplished semi-integral
performan ili es either between the abutment stem and the backwall or between
the abutm e to accommodate beam movement through rotation of the
abutment.
12.1 Forces i-Integral Abutments

See the discussiq@ilof Forces on Integral Abutments.

12.2 Detailing Considerations for Semi-Integral Abutments

See the discussion of Detailing Considerations for Integral Abutments.
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Figure 14 Photograph of a completed integral abutm
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13.0PIERS (BENTYS)

Interior supports for bridges (away from the end supports) go by the title “pier” or “bent.” There
is some debate among engineers as to the exact meaning and usage of these terms, and often their
definitions depend on local custom and/or owner-agency preference. For the sake of consistency
within this module, the term pier will be used throughout, and is meant to refer to any structure
which supports the superstructure at intermediate points between end supports.

13.1 Pier Types

There is a nearly limitless range of pier types. In some ways, it is easier to categ¥
in terms of various combinations of a few basic pier elements, rather than t
the possible combinations individually. The basic pier elements can be clag

ge pier types

Pier Caps — A more or less horizontal member, on which the supers C g@hc cases
(such as wall piers), the pier cap and the pier vertical support(s) : rms one and the
same. Pier caps can have a square cross section, a rectangular cr@g s@ifo

cross section, or any of a number of other shapes. Pier caps S icgapered, flared, or
stepped. Most concrete pier caps to date have been cast-in-p pier caps have been

successfully used and are gaining wider acce‘qce

vertical supports take the form of one
cross sectional dimensions

ier cap. In some cases, the pier

, 1€ ember with cross sectional dimensions
the pier cap. Pier vertical supports (whether

ss sectional shapes, including round columns,
lumns may be prismatic, tapered, stepped, or flared,
olumns to date have been cast-in-place, but precast

which rests on the pier foundation. In most
or more columns, where columns ertd

significantly smaller than the horizo
vertical support takes the form of a sin
nearly the same as the horizont
walls or columns) can take an
square columns, rectangul

Pier Interme racing — Any type of bracing, such as X-bracing, web walls (i.e., concrete
shear walls betWl@en columns), etc., which serves the purposes of both: a) bracing the columns to
increase bucklingapacity; and b) providing a more efficient shear load path for carrying
horizontal forces through the pier.

Each of the above elements can be fabricated using either steel or concrete (most commonly) or
timber or masonry (much less common). In the case of steel, the elements may take the form of
rolled sections, built-up open plate sections, built-up closed box sections trusses, lattice-work, or
other configurations. In the case of concrete, the elements may be conventionally reinforced,
prestressed or post-tensioned, or both. Also in the case of concrete, the elements may be either
cast-in-place, or precast.
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Some of the more commonly used combinations of these various elements are listed below, but
the list should not be considered comprehensive or limiting in any way:

Reinforced Concrete Multi-column Piers — Perhaps the most common type of pier, this type
consists of a reinforced concrete cap supported by two or more reinforced concrete columns.
Generally, the pier cap is only conventionally reinforced, but occasionally post-tensioning is
used as well. Generally the column spacing is determined to satisfy a balance between
economical design of the pier cap and of the columns, although geometric constraints may
control the arrangement in specific cases.

supported by a single reinforced concrete column. The use of post-tensioni
pier cap is more common than in a pier cap for a multi-column pier. This p
popular for narrow bridges where there is not room for two or morg

piers where a single, much larger column may provide a more eff W s, to 1esist column

buckling.

s types of pier caps for multi-column piers: a) prismatic pier cap; b)
tapered pier cap; c) pier cap with parabolic haunches.

Pile Bents — A pf@cap supported on multiple steel or precast concrete piles is sometimes called

a “pile bent.” Typically in a pile bent, there is no distinction between the “columns” and the
“foundations” — the foundations are just continuations of the piles supporting the cap.
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Figure 16 Various types i rSgle column piers: a) prismatic pier cap; b)
r cap with parabolic haunches.

1column pier in which an extremely wide column
passage of a roadway directly below the pier, such that the pier is
ue to the unusually wide column spacing and the resulting

Integral Piers —\@lis occasionally desirable to construct pier caps integral with the superstructure.
Sometimes this O@Brs advantages in terms of structural efficiency, sometimes it offers aesthetic
benefits, and sometimes it helps reduce structure depth and improve vertical clearances. Integral
pier caps for steel girder bridges have been constructed both using steel (34) and using concrete
(21).

Steel Piers — While the majority of piers are constructed from reinforced or prestressed/post-
tensioned concrete, there are still situations calling for the use of steel for part or all of a pier.
One common opportunity for using steel piers is for temporary bridge structures, such as
temporary access bridges on construction sites. In these cases, contractors often prefer using steel
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substructures since they are usually light weight and easy to handle, relatively quick to install,
and potentially reusable. Other opportunities for using steel elements in piers include long span
straddle bent caps and integral pier caps. Other applications of steel piers are perhaps less
frequent, but can provide good solutions in the right context. For example, several steel girder
bridges have been built with integral slant-leg steel piers or steel delta-piers to solve tough
design problems in challenging sites. Another useful option is using concrete-filled steel pip-
piles, which offer many of the advantages of both systems when used in the right applications.

Figure 17 Typical multi-column pier with round col smatic pier cap.

13.2 Selecting Right Pier Type

Selection of pier type is usually heavily influenced by an assessment of the General Design
Considerations listed below. However, other factors influence the selection of pier type,
including:

Aesthetics — The wide range of pier types available makes piers an attractive candidate for
aesthetic manipulation. In many cases, the type and shape of pier caps and columns ends up
being dictated by aesthetic considerations such as corridor aesthetic themes or owner-agency or
public preferences. Designers are encouraged to embrace rather than fight this trend. Often the
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cost of materials is not the driving factor in overall bridge project cost and in many cases
aesthetic considerations can be included in a project at little or no additional cost. The key is for
the structural engineer to actively participate in the aesthetic design process so that structural
considerations are appropriately addressed early on.

Figure 19 There can be a wide range of variations
configuration, such as these piers with hawnchedpier caj@and curved columns featuring
formliner treatmen i ridge.

s of equipment, materials, and
ture types which they can efficiently

pier types. In most cases, local co
experience/expertise to a relatively
and economically build.

Local Site Conditions — Subsu iti ect foundation type selection which often has a
direct impact on the pier t i , local climate conditions (proximity to salt
water, regular use of dei extremglfemperature variations, etc.) can have a direct impact

Vehicle o derations — The presence of roadways or railroads in the vicinity
of a pier m to address vehicle impact loads in the pier design; in some
cases, owne ferences regarding pier type in situations where plers are exposed
to hlgher prof of vehicle impact. The same c0n51derat10ns hold true for piers supporting

13.3 General Design Considerations

There are many issues to consider in the design of piers. A few select considerations are listed
below, but this list should not be viewed as all-inclusive. When designing any pier, designers are
advised to carefully consider all possible loading conditions, including displacement-driven as
well as force-driven loading effects, structural connection details and how they influence the
behavior of the pier, and the influence of foundation response on the behavior of the pier.
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Height — The height of the columns supporting a pier obviously has a significant impact on their
behavior and design. Height influences not only loads (taller piers generally have higher shear as
well as higher moment demands; tall and slender columns can experience second-order moment
magnification), but also capacity (buckling capacity is a function of the square of the column
heights, moment capacity of some column cross sectional shapes is a function of unbraced
length).

Column Proportions — A topic related to pier height is column proportions. Designers are
cautioned to pay particular attention to column proportions; excessive slende
dramatically reduce axial capacity and can also lead to excessive second-ord8
magnification effects (P-A effects).

magnification formulas. The AASHTO LRFD Bridge Design Sp, A dition (5) and
AASHTO Standard Specifications for Highway Bridges (6) furtli@ rg a rigorous
analysis (P-A analysis) be used if KL/r exceeds 100. Colum isglBsed further later in
this section.

Care should also be taken in determining the appr@pri , the effective length factor.
Thorough understanding of the underlying assum i lopment of K factors is key to

functions of the square of the effectgiig lcf@th; ) ¢ K factor have significant impact on
the design.

Figure 20 Single column hammerhead pier with very tall columns over a deep valley.
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Keep in mind also that columns should be evaluated about both axes, both in terms of loads and
in terms of capacity. In multi-column bents, for example, due to frame action both the column
axial capacity and the column moment behavior (shape of the moment diagram) will be
significantly different in the transverse and longitudinal directions. For a given pier, these
behaviors may be coupled in a skewed bridge.

Designers are reminded that in some cases the clear height of the column from pier cap to ground
is not the total height for design. Especially in cases where a single drilled shaft is the foundation
for each column, with no intermediate pile footing, or in cases where there arfG@ery soft soils

(discussed previously in this module in the section on foundations).
Finally, aesthetics should be a consideration in proportioning colu g@on of
Solid vs. Hollow Columns — Hollow columns offer some dr
in select, fairly rare situations. Hollow columns are best use
offer several advantages, including: ‘

Reduced dead load on foundations.

Potential savings in construction e
tall piers in difficult terrain.

ing and placing heavy materials on
Reduced stiffness (and resultin I al loads from displacement-driven loading
effects).

Hollow columns are ofte
reduces the complexit
heavier lifiggo and placin

Poston, et & ¢ (37) offer more discussion of hollow column design.

Column Spach
the pier cap, o

Column spacing is ideally set to optimize the design of both the columns and
satisfy basic aesthetic proportioning guidelines. However, in many projects
other issues sucl\§@l required horizontal clearances to lower roadways, constructability
considerations an® desire to duplicate details in long, multiple span bridges, need for foundations
to clear subsurface conflicts such as existing utilities, etc., override these considerations. Many
owner-agencies also have guidelines on preferred maximum column spacing. Overall, designers
are advised to keep in mind all of the implications associated with column spacing, since it has a
significant impact on pier cap, column, and foundation design.

Column Analysis — As mentioned above, slender columns may require rigorous analysis of
second-order moment magnification effects. This is typically accomplished using a second-order
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geometrically non-linear analysis, more commonly called a P-A analysis. P-A analysis can be
accomplished using a finite element analysis approach using any of a number of commercial
FEM programs. Or, for simpler cases (most routine bridges), P-A analysis can be performed
using any iterative analysis approach, including via a simple spreadsheet. The analysis need only
consider the incremental additional moments due to additional deflection from the previous
iteration.

Pier Cap Proportions — Ideally, pier caps should be proportioned to efficiently and economically
carry shear and moment effects. Other considerations such as aesthetic requiig

Keep in mind also that there are minimum and maximum thresholds for sp3 atios for
pier caps, just as there are for any beam structures. For example, in extrem

shallow pier caps may have deflection or constructability problems. More ¢ caps
end up quite deep. Pier caps with low span to depth ratios may neg

beams” using strut-and-tie modeling techniques. Much has been itten about strut-and-
tie modeling and many references exist, including a good recent
(33, 39). Deep pier caps may end up requiring significant si
AASHTO LRFD Bridge Design Specifications, 5™ Edition (

of both shop effort (reinforcing be
quality control, etc.). Generally, the f tapering or haunching of pier caps is

and which will be expansion. 1 fects the loading on piers. Fixed piers are
generally subject to much ad i transverse and longitudinal) force effects than

frictionless, af
friction PTFE
the bearing.

pansion piers with “sliding” bearings (bearings featuring sole plates with low
ing surfaces) are generally designed for the limiting static friction capacity of

In addition, in longer, multiple span bridges, designers are encouraged to explore more than one
arrangement of fixed vs. expansion piers. A balance can sometimes be found which optimizes
the design of all the piers, particularly when the pier heights vary significantly from pier to pier,
by judiciously choosing which piers are fixed and which are expansion.
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13.4 Forces on Piers

Pier design should consider the following forces:
» Pier cap self weight

*  Column self weight
* Miscellaneous dead loads (bearing seats, lateral restraints, etc.)

* Superstructure dead load (including girders, cross frames, deck, barr1 ils, medians,
overlays, provisions for future overlays, etc.)

» Superstructure live load
» Centrifugal force from live load (on curved bridges only)
*  Wind on superstructure
* Wind on substructure

*  Wind on live load

*  Wind overturning

* Longitudinal force from live pudifal braking force)
» Differential earth pressu

» Shrinkage

Thermal expa

Vessel/veMicle collision loads
For analysis of “routine” bridges, transverse forces on the superstructure (such as wind on

superstructure, wind on live load, and centrifugal force, etc.) are assumed to be distributed
among the piers and abutments based on a simple tributary span length distribution assumption.
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On the other hand, longitudinal forces on the superstructure fge (such as wind on
superstructure, wind on live load, longitudin are typically distributed
among the piers and abutments based on either a g orous relative stiffness
analysis. A simplified relative stiffness ana1y51s c y hand and simply models
the flexural stiffness of each pier or abutm itudinal direction. The flexibility of both
the bearings and the columns over to the point of fixity) are considered.
If appropriate, a more rigorous relati is can be performed using either a 2D or
3D computer model.

13.5 Multi-column Pier Con

design is relatively str. ually requires only a first-order analysis, although
i and/or slender, some consideration of second-order moment

rams for determination of the cap bending moment and shear envelopes, and
plified analysis of columns. Designers should use good engineering judgment
se simplified methods as they are not always appropriate for all bridges.

a conservative,
when employin

Detailing of multi-column bents is fairly straightforward as well. Often, owner-agencies have
guidelines or standard details they prefer. Local contractor preferences and past local practices
should also be considered to achieve maximum economy. Some other specific suggestions
include:

Construction Joints — Construction joints should be judiciously provided in multi-column piers.
Generally a construction joint is provided between columns and the pier cap and between the
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columns and the foundations. Construction joints are often also provided in very long (wide) pier
caps to facilitate placement of concrete in more manageable volumes. If staged construction is
required, care should be taken in detailing appropriate construction joints and provisions for
connection of reinforcing between stages.

Bearing Seats — Various owner-agencies have individual preferences for the detailing of bearing
seats. Some owners prefer to provide a full width flat step in the pier cap and to run the seat all
the way to the next girder. Other states prefer individual, isolated bearing seats (pedestal seats) of
much smaller size, often only large enough to accommodate the bearings andaperhaps the anchor
bolts.

Bearings — Bearing design itself is a complex topic which deserves its own g
good references exist (including other modules in the Steel Bridge Design

are detailed to accommodate the proposed bearings and their anchg ions for
their replacement and seat width (relevant in seismic zones). Thi 1c sizing of
the bearing seats, provisions for inset of the bearings into the bed

titled Stringer Bridges of the Steel Bridge Design Handboo glctailed discussion
of bearing design.

Anchor Bolts — Anchor bolts can prove to begr eal with during construction if
they and their installation are not detailed careful ould be sized to resist all
loads applied to them, including horizontal d vertical pullout loads. In addition to

sizing the anchor bolt itself for th in which the anchor bolt is to be
installed should also be checked for CI Besign Handbook (13) offers
procedures for design of embedded anc ses, owner-agencies have standard
details or standard design/detail ts for anchor bolts, and designers should seek
these out.

Note also that careful an g is critical to avoiding construction problems.
Mislocated anchor bo i cause contractors no end of nightmares. If permitted by

the owner, 1 re encouraged to detail the anchor bolt installation or the bearing

onificantly larger than that of the anchor bolt is embedded into the abutment
cap concrete placement. Later, when the superstructure is in place, confirming
quired anchor bolt location, the anchor bolt is grouted in place.

» Using field welded bearing connections. In may cases, the ability to adjust anchor bolt
and bearing locations can be improved by allowing the sole plate to be connected to the
girder using a field welded connection. In this way the exact position of the bearing
relative to the anchor bolts can be set in the field with both the anchor bolts and girder in
place.
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Reinforcement, General — Reinforcement in piers should be detailed following generally
accepted detailing practices, realizing that these practices are typically more stringent in seismic
zones. Special care should be paid to detailing the projection of column vertical and confinement
reinforcement to avoid reinforcement conflicts and congestion, but to still provide a sound
connection. Simple techniques such as interrupting pier cap stirrup patterns at columns and
discontinuing some of the pier cap positive moment reinforcement at columns can go a long way
to relieving reinforcement conflicts and congestion.

Column Reinforcement Embedment into Pier Cap — The vertical reinforcemggt projecting from a
column into the pier cap is usually detailed to be fully developed in the cap. can be

accomplished by means of straight reinforcement (full development length) or
developed hooks. Hooks are shorter (and may fit better in shallower pier ca
complicate the construction of the pier cap reinforcement cage.

Column Reinforcement Embedment into Spread or Pile Footings —i

they are detailed to rest on the lower mat of footing reinfor:
allowing the contractor to rest the column vertical reinforce
reinforcement mat, rather than having to susp‘l th i forcement using other methods.

Pile Embedment — When piles are used as the on
are typically embedded at least 9" or more 1
is provided around the embedded
nominal mat of reinforcing is provi

many cases, spiral or hoop reinforcing
rcement, and in some cases a

Battered Piles — Depending o
necessary to provide battergd es called brace piles) in the foundation, if the pier is
forces. Typically, the number of battered piles is
selected so that the su omponents of the pile axial loads balances the net

applied hoggontal forces?
13.6 Singld | ~ erations
As mentionec

where there is
larger column

ve, the use of single column piers is especially prevalent for narrow bridges
room for two or more columns as well as for tall piers where a single, much
provide a more efficient means to resist buckling.

The analysis of pier caps for single column piers is relatively straightforward, but there are
several key aspects that need to be considered:

Columns in single column piers do not have the benefit of frame action to help brace the

columns and reduce internal moments. Also, single column piers are often used on bridges with
longer spans and taller pier heights. As a result, columns in single column piers are frequently
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candidates for more refined column analysis methods to more accurately assess slenderness
effects, as well as more complicated designs (such as hollow columns).

For grade separation bridges, the AASHTO LRFD Bridge Design Specifications, 5™ Edition (5)
require analysis for a vehicle collision force of 400 kips under an Extreme Event limit state if the
columns are not barrier protected. The lack of redundancy in single column piers, particularly for
narrow bridges with relatively small columns, may require attention from the designer to assure
that a vehicle impact will not cause a collapse.

Also, in some cases, the use of post-tensioning is warranted in the pier caps Og@ingle column
piers to handle the higher loads which may result from heavier, longer-span sup§ ctures and
the longer overhangs common in this pier type. Post-tensioning is also somg 8 in the
columns of single column piers.

2 ajling considerations are beyond the scope of this module and
designers are aged to Consult appropriate hollow column design references.

13.7 Pile Bent siderations
As mentioned above, a pier cap supported on multiple steel or precast concrete piles is
sometimes called a “pile bent.” Typically in a pile bent, there is no distinction between the

“columns” and the “foundations” — the foundations are just continuations of the piles supporting
the cap.
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Figure 23 Pile bent with braced steel H-piles serving as both columns
the pier.

shafts or for pile footings is undesirable. Pile bents can be ve #'1n these situations
due to the extreme simplicity of their construégen. are driven, the only remaining
substructure work is the construction of the pier

One innovative application of pile
“top-down construction.” For top-
piles for the next bent are driven by e
out to the next bent location. Whe
the next span is constructed. O
it and reaches out to drive pile

sb € more common in recent years is

, th cture is built span-by-span; the

n a recently completed span and reaching
the pier cap is placed and cured and then
mplete, the pile driving equipment advances to
en®in this way, temporary environmental impacts

n equipment is always located on the completed
structure. In most case i ited to very short span structures (e.g., in the 50'
reach of the pile driving equipment, but in those

e extremely environmentally friendly and economical. This

nger span applications, but generally at much greater cost.

“

or pile ®¥ents is no different than for multi-column bents and is very

e analysis of the piles as the primary vertical supports for a pile bent is also
rd and, in some ways, is simpler than the analysis of columns and foundations
for typical multi@lumn piers. This is due to the fact that there is no difference between the
foundations and the columns — they are one in the same. However, this can also lead to
complications in the analysis in some cases when pile bents are used in taller pier applications.
Since driven piles are typically fairly slender members and since there is no pile footing to
provide intermediate bracing, piles in pile bents can quickly become slender column elements
requiring careful design including judicious determination of effective length factors (K-factors)
and consideration of slender column moment magnification effects. Seismic effects have been
investigated in recent publications as well (40, 41).
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13.8 Straddle Bent Considerations

As mentioned previously, a straddle bent is a multi-column pier in which an extremely wide
column spacing is used to allow for the passage of a roadway directly below the pier, such that
the pier is “straddling” the roadway below. Due to the unusually wide column spacing and the
resulting long span length of the pier cap, straddle bent pier caps are often specialty structures
such as steel box beam pier caps or post tensioned concrete pier caps.

Straddle bents may also require special pports. In some cases, it may be
worthwhile to provide a bearin dle bent pier cap and one of its supporting

must be made to facili n of the interior. A single steel box straddle bent cap is
considereg 1 lement requiring more frequent inspections, and typically steel box

aps may be designed using dual (twin) I-shaped girders for the bent cap, which
e of redundancy and result in a design which is not considered fracture-
on the owner’s criteria and evaluation of the details).

Alternately, be
may address the
critical (dependin®

Constructability is also a serious consideration for straddle bents. Straddle bents are most often
used in very congested urban settings where it proves impossible to locate piers and lower
roadways separate from each other. In many of those cases, the lower roadway may already be
carrying traffic and complex construction staging and traffic control may be required not only for
the straddle bent construction but also for the construction of the superstructure which the
straddle bent is to support.
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13.9 Integral Pier Cap Considerations

It is occasionally desirable to construct pier caps integrally with the superstructure. Sometimes
this offers advantages in terms of structural efficiency, sometimes it offers aesthetic benefits, and
sometimes it helps reduce structure depth and improve vertical clearances. Integral pier caps for
steel girder bridges have been constructed using both steel and concrete (21, 34).

Generally each instance of the use of integral pi 1 gl ce there are so many project-
specific variables affecting the design, including:

r a curved, continuous plate girder
an an integral pier cap for a straight, tub

The nature of the superstructure loa
bridge will be subject to completely di
girder bridge.

r caps feature extremely complicated detailing,
ce the pier cap around continuous girders or to
ap. Different superstructure types and sizes will

The nature
require comyi
cap, and eac
the column.

detailing and shoring during construction than a steel integral pier
arry loads in a different way and require different details for connection to

The nature of the@@®lumn(s); the location, number, size, materials, and configuration of the
column or columns of an integral pier cap will suggest different preferences for type and
configuration of the integral pier cap.
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#y solutions
are encouraged to
into layout and

detailing considerations early in the design process as minor p being controlling

design features. ‘

One possible solution which may eliminate man ns of integral pier caps is to
choose to provide an expansion joint in the s e at the mtegral pier cap location, albeit
at the cost of losing the benefits ofgirder i i
reduces all superstructure design m
ends and either an inverted-tee pier cap
provides the same vertical clear

allow for the use of dapped girder

a conventional pier cap which still

s an integral pier cap, but without the complicated
hth an integral pier cap.

13.10  Integral Pier

caps and integra@@ier caps.
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When using steel piers, care must be taken to carefully design a nections. Due to
the reversible nature of many substructure design loads suc itylinal braking force,
thermal expansion/contraction, etc., many connections will i i
simultaneously the discontinuous nature of many of the conn Potentially lead to
unavoidably poor fatigue details with very loWgllo nges. Fatigue design can very
easily be the controlling limit state in the design ¢steel s res in permanent bridges.

Another serious concern when con i use cel substructures for permanent bridges
is geometry control. In a concrete pYGE i to@ust column heights, bearing seat
elevations, and so on, in the field by d adjustments to reinforcing and
formwork. Fabricated steel comp uch less®orgiving when it comes to misplacements
that commonly result from rou olerances. Designers of steel substructures are
encouraged to try to include f: iling which offer contractors some adjustability
to deal with routine cons i lerancefl for example, allowing field welding of bearing sole
plates to permit adjust ons, or allowing the use of shim plates to adjust

bearing seats to achiev
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Figure 28 Steel single column hammerhead piers for a dual boxgghrder people
mover bridge.

13.11 Inverted-Tee Pier Cap Considerations

An inverted-tee pier cap is a pier cap with a crgss-section sha side down capital
letter T. Inverted-tee pier caps offer the adva&e 0 th below the bottom surface of
superstructure girders. If dapped girder ends are urface of the inverted-tee pier
cap can be flush with the bottom surface of the gir his low Profile below the superstructure
offers distinct advantages in terms 1 ments to vertical clearances below the
pier cap.

Most inverted-tee pier caps are ete, sometimes post-tensioned if required to
achieve wider column spacing

The design of concrete 1 1 is more complicated than the design of regular
rectangular concrete pj i portant ways. First of all, the design of the pier cap as
i s some care in the determination of the concrete section
negative moment regions of the cap. If the neutral axis of the
region is in the web, the compression block forces must be
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Second, the “ledge” or corbel of an inverted-tee pa arefully designed. This design
encompasses both the ledge itself as well as the i -tee section. A full discussion
of this issue is beyond the scope of this dog veral good references on inverted-tee

analysis. Much has been recently wri d-tfe modeling and many references exist,
including a good recent set of practical

Finally, column design can be
the centerlines of bearing i spans are offset very far from the centerline of the

span imbalance, this torque may represent a

t in the column and the pier foundations, as well as potentially

e inverted-tee pier cap itself. Once these overturning effects

. design proceeds as for any other pier column. For the pier cap,
torsion desig s 1s covered in the ACI Building Code (20). Strut-and-tie

on the pier cap. In cas
significanige i
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13.12  Other Pier Types

offers only a brief overview of substructure

e of variations on the basic common pier types
mple of some of the variations designers may need
aced with unconventional pier types, designers are

As has been previously mentio
design. For piers for instance,
mentioned here. Figure 31

mind at allgimes.
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Figure 31 Example of the wide range of variations in pier t
widening of an existing bridge which used multi-column pi

4
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14.0SOFTWARE AVAILABILITY
There is a wide range of software available which can do part or all of a substructure design.

Some commercial software packages are capable of performing nearly all of the design of a
bridge substructure. These types of programs can build the substructure geometry, build the
superstructure geometry, calculate loads on the substructure, perform internal load analysis of the
pier caps, columns, and foundations, and then size the various members and perform detailed
design. However, in most cases, these programs have some limitations in ter@s of how
complicated a design they can handle in terms of complex geometry, compli superstructure
types, complicated loading, etc. Designers are encouraged to make sure they fu derstand the
capabilities and, more importantly, the limitations of these “all in one” subs, i
programs.

Substructure design can also be performed using a combination of models
and specific design software. Often designers will calculate somg

substructure by hand, input these loads into a simple frame mods ent or pier (or into
a more complex model if needed), run the model to determt distribution, and

then perform detailed design checks using either commercia s-grown spreadsheets
or programs, hand calculations, or a combina"l the
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15.0 SEISMIC DESIGN

Throughout this module, very little mention has been made of seismic analysis of substructures
for steel bridges. This omission was intentional. The complex and highly site-specific nature of
seismic analysis makes a detailed discussion of seismic analysis of substructures impossible in

the limited scope of this module. Instead designers are advised to consult the following sources
for each specific bridge design:

Local Owner-Agency Design Guides and Manuals — In most regions where
issue, the local owner-agencies have adopted very specific policies regarding
of substructures is to be performed. The Caltrans SDC (Seismic Design Criterig¥
example (42).

gismic design is an
seismic design

agency guidelines.

Recent Research Papers — The field of seismic analysis, desi
constantly evolving. Designers are encouragegdato revagw the
developments and recommendations, in conjuricti
guidelines.

nuals and textbooks that cover the
e recent NCHRP Report 472 has
uals and guidebooks still have good

Recent Textbooks and Manuals —
basic precepts of seismic design of b
good, fairly current guidance (22, 43).
coverage of basic principles (24
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16.0 PRECAST SUBSTRUCTURES

A recent advance in the design and construction of bridge substructures is the use of precast
substructure elements. The range of possible applications of precast substructure elements is
broad, and some have proposed entire prefabricated bridge systems. However, in practical terms,
the most promising applications currently are precast pier caps and precast columns.

The use of precast substructure elements has been proposed as a solution for the challenge of

quick construction in congested urban infrastructure projects, where limitingghe duration of lane
closures and detours is a high priority. In those cases, the use of precast subs
versus cast-in-place substructure elements could save days or weeks.

savings in terms of reduced field constructior"ne 0 jects, there are other benefits to
precast construction, including improved quality sier control of workmanship
in a controlled fabrication environment of a preca site construction) and reduced

temporary environmental impacts (due to reduec formwork failures and potential spilling
of concrete during casting and red¥@d

Figure 32 Exagiple of a precast pier cap being used on a long viaduct bridge. The columns
were cast-in-plg®e with dowels projecting from the top of the columns. The dowels fit into
pockets in the precast pier cap. The pier cap initially rested on collars around the tops of
the columns. The collars were adjustable to facilitate leveling of the pier cap. Once the pier
cap was set, grout was injected into the dowel pockets and the gap between the columns
and the pier cap.

The use of precast substructures has been widely published recently, so several good references
exist, including (29, 30, 31, 32).

72



17.0SUPERSTRUCTURE / SUBSTRUCTURE INTERACTION

Throughout this module the effects of fixity on substructure loads have been mentioned briefly.
A few more words on this topic are warranted in a single location to emphasize its importance.

The type of loads, magnitude of loads, and distribution of loads from the superstructure to
various substructure elements is directly and significantly affected by the type of connection
provided between the superstructure and the substructure. A wide variety of bearlng types are
avallable to the des1gner and selectlon of bearlng types should be glven sig

Designers are cautioned that no bearing acts “ideally” in the real world. “S
have some nominal static friction force to overcome before they slide. “Fle

even if anchor bolts are not provided. Designers should account §
behavior of bearings as these “nuisance” loads can represent con
cases such as when tall piers are used.

Designers are also reminded that bearings ar:
loads, but that not all combinations of superst It in a net downward force.

conditions such as span

imbalance, curvature, and skew, can result i e or all bearings at a given abutment or
pier

In such cases, it may be prudent to pro ie-downs to prevent uplift. Whether tie-
downs are provided or not, desi

substructure as well as the pot superstructure and on the bearings in these
cases. When tie-downs ar: 188rs are cautioned to design and detail them carefully
so that the tie-down doe i short circuit” a needed function of the bearing.
When confronted wit i the need for tie-downs, common assumptions
regarding s and what can be safely neglected should be abandoned in favor of
more rigo ideration of the behavior of all parts of the structure.
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18.0INNOVATIVE SUBSTRUCTURES

Substructures often require unique designs to address site-specific, and bridge-specific, goals and
constraints. Innovative solutions are often required. In some cases, creative but reasonable and
well thought-out ideas can lead to good solutions.

; beneﬁts typically expected from precast systems. It has been used
a drllled shaft/pile cap system. The pile cap also acts as a leveling pad for the
precast double-§8 To resist horizontal loading, the double-tee’s connection to the pile cap is
post-tensioned. (JBe the double-tees are in place and backfilled, the abutment cap is then cast on
top of the double-tees. Some benefits when compared with MSE wall systems are:
e Decreased construction time.

e Minimized span length by setting the centerline of bearing just beyond the face of barrier.

e Reduced excavation by eliminating the excavation required for strap embedment.
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This particular concept is not presented as a panacea, but rather as an example of an innovative,
well-reasoned solution which satisfied the specific goals of a given project. Designers are
encouraged to explore innovative ideas like this when such opportunities present themselves.

‘N
\
™
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19.0SSUMMARY

In summary, substructure design for steel girder bridges is a broad and varied topic. This single
module in the Steel Bridge Design Handbook only scratches the surface of this subject.
Designers are encouraged to consult the numerous good references that offer more detail on
specific sub-topics.

There are wide ranges of options available to designers for foundations, abutments, and piers. A
thorough understanding of the pros and cons of each possible candidate typegyill lead to better
choices. Lessons of past examples, input from other local designers and fro | contractors,
and preferences of local owner-agencies should not be ignored.

Overly detailed analysis of bridge substructures is not encouraged. Instead f@esi W advised
to think about the issues involved in their particular design and to choose a i
refined level of analysis. Some of the time saved by avoiding excegg
analysis calculations can probably be better invested by considerg
constructability, detailing, appropriate foundation types, and sup

interaction issues.

Overall, the old engineering adage still appligggarti ly wllito bridge substructure design:
KIS = Keep It Simple. Determine all the loads Trogn t tRlkture and from other sources,
and find clean, simple, robust load paths to carry loads.

™
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