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FOREWORD

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

ce-span Continuous Straight I-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.
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1.0 OVERVIEW
1.1 Introduction

Fatigue in metals is the process of initiation and growth of cracks under the action of repetitive
tensile loads. If crack growth is allowed to go on long enough, failure of the member can result
when the uncracked cross-section is sufficiently reduced such that the member can no longer
carry the internal forces for the crack extends in an unstable mode. The fatigue process can take
place at stress levels (calculated on the initial cross-section) that are substantj@lly less than those
associated with failure under static loading conditions. The usual condition ti¥g@groduces fatigue
cracking is the application of a large number of load cycles. Consequently, the (NS of civil
engineering applications that are susceptible to fatigue cracking include st [
bridges, crane support structures, stacks and masts, and offshore structures

fabr1cat10n to limit the size of 1n1t1al flaws and also during serv1 2fPCrtafiny crack growth.
tin fabricated
steel elements. Thus, the engineer is responsible to consider
fatigue and subsequent brittle fracture. The faggue b i fabrlcated steel structure is
controlled by the presence of pre-existing cracks ontinuities, which most often

imperfections and stress conc
frequency were also low bxgto . Consequently, fatigue cracking in these early

i ing began to be used as the preferred method for

ad two principal effects related to fatigue. First,

vere initial crack situation than does bolting or riveting due to more
flaws. Second, the continuity between structural elements

eans that it is possible for a crack in one element to propagate

unimpeded 1 ement.

Design rules a lding was being introduced had been developed from a limited experimental
base and the me§nism of fatigue crack growth was not well understood. Furthermore, most of
the experimental ®sults came from small-scale specimens. This is now known to be a limitation
in evaluating fatigue strength: reliance on small-scale specimens can result in overestimates of
fatigue strength.

During the 1970's and 1980's there were many examples of fatigue crack growth from welded
details now known to be susceptible to this phenomenon. Research revealed that the type of

cracking observed in practice was in agreement with laboratory test results and supportable by
theoretical predictions. Experience in the 1970's also exposed an unexpected source of fatigue



cracking, distortions of the structure. This is also a phenomenon related largely to welded
structures.

This publication provides the practicing engineer with the background required to understand
and use the design rules for fatigue resistance that are currently a standard part of design codes
for fabricated steel structures. Many passages in this publication are taken with permission
directly from a much more voluminous primer on fatigue (1) which should be reviewed for a
more complete discussion on fatigue and fracture.

Fundamentals are presented in a general way, but applications will refer to t ecification for
the design of steel bridges prepared by the American Association of State High
Transportation Officials (AASHTO) (2). This specification is widely used 1
and the governing Canadian specification is nearly identical to it.

States,

1.2 Historical Perspective

Fatigue cracking was observed in railroad equipment over 140 y . St@@lics carried out at
that time by Wdhler on railway rolling stock showed that s tratiQll¥ and sharp angles
in the axle configuration resulted in failures even though the erial was well
below its yield strength (3). The 1ndustr1ahza? of e subsequent increased use of

machinery and equipment led to other exampl€s of fai g from fatigue cracking. As a
result, studies into the phenomenon started in bot orth America. For example,
in North America the observation of cracks 4 1dge truss hangers and in stringer end
connection angles led to a number ns between 1930 and 1960 (4).

details. These and later studies War II formed the basis for the early fatigue
design specifications in North e cracks forming in steel bridges at a road test
program conducted in the US (5) became the genesis of the fatigue test program

sponsored by the Nation i i@ way Research Program (NCHRP) that began at

Lehigh Un1vers1ty in HRP program, the fatigue design rules that existed for
welded steg ts were based on small specimens and on a limited quantity of test
data. This\gAd i ablish the significance of stress variables, detail type, types of
steel, and g peationW! he early provisions for fatigue life evaluation proved to be
inadequate {Qiia dge details. This explains, in part, the relatively large number of

cases of fatig acking in bridges that were designed prior to about 1975.

structures is base®primarily on work done in Great Britain (6) and in the USA (7, 8, and9) in the
late 1960's and early 1970's. Although many other investigators have contributed to our
understanding of the problem, both before and after the work cited, it was this research that
identified the influence of residual stress on fatigue life, demonstrating that due to the tensile
residual stress associated with welded details, stress range was the dominate variable greatly
simplifying fatigue design. These studies also revealed the necessity to acknowledge that
fabricated steel structures always contain cracks or crack-like discontinuities.



Fabrication inspection insures that cracks and larger discontinuities are not incorporated into the
structure. Small crack-like discontinuities occur at the intersection of the fusion line of the weld
and the plate surface at the weld toe. These small crack-like discontinuities are too small for
detection. The effects of these micro-discontinuities are incorporated into the design
specifications.
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2.0 INTRODUCTION TO CRACK GROWTH

2.1 Crack Growth Regions

2.1.1 Introduction

Crack growth in metals requires two existing conditions: existing flaws and tensile stresses. This

crack growth can be delineated into three distinct regimes: initiation, steady-state propagation
and unstable fracture, as illustrated in Figure 1.

Flaw Size, a

!

Cycles, N
re 1 Regimes of Crack Growth

As has alrea noted, the initiation portion of general crack growth in which existing flaws
are sharpened cracks is essentially non-existent for all fabricated steel structures and can
conservatively B@lignored. Thus, crack growth in bridges is delineated into two regimes: stable
fatigue cracking unstable fracture. Figure 2 graphically illustrates crack growth in bridges.



fracture

Flaw Size. a

propagation

-state fatigue cracking. When a
critical flaw size is achieved, the s res unstable manner without an increase
in stress. Unstable crack propagation i of'a low energy brittle type fracture or if
the material has sufficient toughness, a i . critical flaw size is proportional to

temperature of the material. T s of the material is controlled by the Charpy
V-notch toughness specifigd 1

by the repe [ ss. An initial crack grows a small amount in size each time a
load is appli8 ( 8% at the crack front, which is initially sharp. Even at relatively low
a high concentration of stress at the sharp front, and plastic deformation (slip

&)\ therefore occurs at the crack front. Continued slip results in a blunted crack
tip, and the crackg@rows a minute amount during this process. Upon unloading, not necessarily to
zero, the crack tipPagain becomes sharp. The process is repeated during each load cycle.

Figure 3 shows the fracture surfaces of a member that has an I-shaped cross-section. The web of
the member, which was 10 mm thick, was fillet-welded to 13 mm thick flange plates. (The full
thickness of the flange is not shown in Figure 3). The profiles of the fillet welds are generally
satisfactory and the flow lines of the weld show good penetration of the base metal. In this
illustration, an internal flaw at the root of the weld in the left-hand fillet weld (highlighted by the
superimposed arrow) grew outward toward the free surface under the repeated application of



stress until the crack penetrated the outside surface of the weld. Since this was a laboratory
specimen, at this point the beam was deliberately overloaded so that the remaining cross-section
fractured and could be exposed.

In the case illustrated by Figure 3, reached the exterior surface of the
weld. Experience in the laboratory sho
consumed by the time a fatigue ct ing from'an internal flaw reaches the surface and
can be observed. The lack of
the discontinuity that caused t i ane of the lack of fusion is parallel with the
direction of stress.

e can lead to brittle fracture if the crack reaches a critical size according to
ions of material toughness, temperature, and loading rate.

2.1.3 Flaws in Fabricated Steel Structures

The kinds of flaws that can occur in a fillet-welded detail are shown pictorially in Figure 4.
These include partial penetration and lack of fusion, porosity and inclusions (the fatigue crack
shown in Figure 3 started at a non-metallic inclusion), undercut or micro flaws at the weld toe,
and cracking or inclusions around a weld repair or at start-stop locations or at arc strikes.
Although the fabricator of the structure and those responsible for the fabrication inspection will



attempt to minimize these defects, it is neither practical nor economically possible to eliminate
them.

In the case of a typical flange-to-web fillet weld, as shown, partial penetration is not a defect and
is of no concern as the applied stress is parallel to the weld. Surface defects are subject to visual
and magnetic-particle inspection and are not a concern for bridges. The hidden flaws like
porosity are accepted as the AASHTO LRFD Specifications was based upon tests of real welds
with porosity flaws in them.

weld repair or start-stop
of weld or arc strike

Test data on welded details have demon tigue cracks commence at some initial
iphery, and grow perpendicular to the applied
ents (simply two flange plates welded to a
rved to originate in the web-to-flange fillet welds at
ped gases in the unfused area expanding and getting
trapped in the solidify , 1 te fusion, or trapped slag. Figures 5 and 6 show fatigue
cracks thajdag orosity (highlighted by arrows) in longitudinal submerged-arc
fillet welc i e discontinuities are always present to some degree, irrespective
] 1ques used during fabrication. The effect of these internal
e design fatigue resistance which eliminates the need to for an
of fillet welds.

tensile stresses. In a welded b
web), most laboratory fati

internal insped



Figure 6 Fatigue Cack

Attachments such as cover plat llkners, and other components welded to a web or
flange introduce a transverse @), thus forming a line of elevated tension where
fatigue cracking can startA@m! iscontinuities. Figures 7 and 8 show a fatigue crack

e. The crack surface in Figure 8 shows various

stages of crack propag ge is a surface crack growing in the flange as a semi-
circle untj side of the flange. The second stage is a through crack in the
flange gro nd left until it reaches the flange tip on the right. Finally, with
the flange t outh crack grows toward the web on the left with the rougher
texture on fra Wogesting more rapid propagation.

10



result of the type of fabrication process and has no effect
instance, the partial penetration shown in Figure 3 is a natural
onnection: it is not expected that the two fillet welds will fuse

to the beam flange with bolts. The region between bolt lines could be described as a "flaw" or
"crack," but, since the discontinuity is parallel to the stress field, the "crack" does not grow and
therefore its presence does not affect the fatigue strength of the member.

The flaws that exist in all fabricated steel structures are a consequence of the manufacturing
process of the steel itself and the normal fabrication processes. Flaws in rolled shapes arise from
surface and edge imperfections, irregularities in mill scale, laminations, seams, inclusions, etc.,
and from mechanical notches due to handling, straightening, cutting, and shearing. These

11



irregularities are controlled by product and fabrication specifications (such as the specified
roughness of a flame cut edge). In a rolled shape, fatigue crack growth can start from one of
these sources. Comparatively, the "unaltered" rolled shape presents the most favorable fatigue
life situation. However, there are not many practical cases in which a rolled shape does not have
some kind of attachment, connection, or some other kind of alteration.

Mechanical details, in which holes are drilled or punched and forces are transferred by means of
rivets or bolts, present a somewhat more severe fatigue life situation than the bare rolled shape.
Drilled or sub-punched and reamed holes give some reduction in fatigue life @&s compared with
an unaltered member, but the difference usually is not very great. If preloadcqggh-strength bolts

life than do drilled or sub-punched and reamed holes because of imperfecti
arising from the punching process. In this case, the crack usually starts at t

to the direction of stress introduced when welding is used h ,
addition to the fact that more flaws will be present when we iS % gpection for defects
is more difficult than is the case when mechaggally ils are used. Repairing defects
in welded details is also difficult. Prohibiting the yse 0 tails in fatigue situations is not
usually a practical option, however.

The task of the structural engineer

a potential for failure by fatigue crac heyhave a fatigue life exceeding the
design life of the structure. As will be s one in the environment that some
probability of failure must be ac terms, there is no structure that can be designed

for zero probability of failure. i i carried out in the expectation that flaws will be
present initially in all fabrj res and that all such members will contain residual
omitant feature is that in the design process it is

e permissible and then to use this information as the
n of the structure as well as periodic inspections. This latter feature

2.2.1 Stress Ran@e as the Dominant Stress Parameter

Steel structures that are fabricated by welding contain "residual" or "locked-in" stresses that are a
consequence of the welding process. These have considerable influence on the propagation of
fatigue cracks. The main effect is to significantly reduce the effects of the mean stress levels. For
modern codes, this has brought about a return to the simple stress range vs. cycle life model for
fatigue strength suggested by Wohler over one hundred years ago. Furthermore, independence of
steel grade justifies the use of the relatively large data base of laboratory results taken from tests

12



of different steel grades produced in different countries. During recent modifications to fatigue
codes, code developers have taken advantage of such opportunities and, consequently, fatigue
design guidelines have been greatly simplified and harmonized internationally.

Consider a weld laid down as shown in Figure 9. As the weld cools, it tries to contract. However,
since the plate and the weld must maintain compatibility of length, the plate restrains the weld
during the cooling and contraction process. This puts the weld and a relatively small volume of
plate adjacent to the weld into tension. Conversely, the main portion of the plate is compressed
by the contracting weld, thereby placing it into compression. The resulting staesses from this
process are called residual stresses. Since there are no external forces appliedN@ling this process,
the equilibrium condition of the cross-section must be reflected in the balance bS#een residual
tensile stress and the area over which it acts and the residual compressive s
associated area. The actual distribution and magnitude of the residual stress
such factors as the strength of the steel and the weld metal, the sequencing &
geometry of the connected parts, and the size of the weld relative t
important fact, however, is that the magnitude of the tensile resi
strength of the material.

residual stress
pattern

Figur esidud ses in Groove-weld Connected Plates

It follows,
also contai
stresses are p
welding the cd

ed shapes or built-up members used in structural applications
esiual tensile stress. For example, very large residual tensile

tion of the flange and web of a beam that has been built up by
onent parts together. This junction is also the location of the flaws that are
likely to be the §@@urce of fatigue crack growth, which means that the flaw is under a condition of
initial stress evel{@¢fore load is applied. For the usual condition wherein this initial stress is at or
near the yield streSs level, this means that stress range, rather than the maximum applied stress,
the stress ratio (ratio of maximum stress to minimum stress), or some other parameter of applied
stress, is the governing condition describing fatigue crack growth.

To summarize, in large welded structures there are very high tensile residual stresses near fatigue
crack sites and their presence significantly reduces the effects of mean stress level of the applied
stresses and steel grade upon crack propagation for standard weldable structural steels. As a
result, it is generally agreed that stress range is the dominant stress parameter for fatigue design.

13



2.2.2 Categorization of Details

The AASHTO LRFD design approach is simply to arrange standard structural details into
categories relative to their expected fatigue life, based on nominal stress. For example, illustrated
in Figure 10 are the fatigue life representations for two different categories—beams which have
cover plates that include a weld across their ends and beams made up of three plates welded
together (in other words, a plate girder), such as the beam illustrated by Figure 3. The vertical
axis is the nominal stress range at the location of the weld and the horizontal gxis is the number
of cycles to failure. Clearly, if the designer had one of the two types of mem¥%ghg shown in
Figure 10, it would be possible to determine the fatigue life of that member.

It should be noted that cover-plated rolled beams exhibit relatively low fati
designer found that a rolled beam did not have adequate section properties
consideration, using a built-up section plate girder would have a
than adding a cover plate to the rolled beam. At a stress range of, :
life of a cover-plated rolled beam is 1 million cycles while the b rdefllife would be over
8 million cycles.

\u.. .
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Figure 10 Fatigue Strength of Welded and Cover-plated Beams
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In summary, the fatigue life of a fabricated steel structure is determined by three factors. These
are:

1. The number of cycles of loading to which the member is subjected;
2. the type of detail under examination; and
3. the stress range at the location of the detail.

It has been implicit in the discussion so far that the stresses, which are the driving force behind
crack growth, are those corresponding to the loads on the structure. This is indeed an important
case, and for this situation the stress range to be calculated is simply that co onding to the
nominal stress at the location of the detail. This is valid because selection of thc\@@ail itself
implies inclusion of the stress concentration for that detail. There is another, stresses in
the structure that can produce crack growth, however. This is the stresses ( 3
are produced as a result of displacements. Displacement-induced fatigue crd ing i [Wportant
as load-induced fatigue cracking, and it will be discussed in a sepa;

2.3 Fracture

Unstable crack growth or fracture occurs when the effects ofgliotal flaw size exceeds a
critical value, commonly referred to as the Design to preclude fracture is
based on proper material selection, or when appli a Fracture Control Plan per the
AASHTO/AWS-D1.5 Specifications. The des
toughness level that is sufficiently hlgh i i ed application. The fracture toughness

An accurate determinatio ughness is complicated, especially in most structural
engineering design situaj icated approaches are used for practical problems in
structural engineering! sed method for approximating the toughness quality of

a steel is age s developed over 80 years ago, the Charpy V-Notch (CVN) impact
ures the energy absorbed by the rapid fracture of a small bar
e bar is broken by a swinging pendulum and the absorbed
fference in swing height before and after fracture. The effect of
amined by repeating the test using physically identical specimens that have
arious temperatures. Several tests provide a relationship between absorbed
pture for the steel under investigation.

temperature 1
been cooled tQ
energy and temp

A plot of CVN absorbed energy is shown in Figure 11. The plotted data demonstrates how steel
becomes brittle characterized by lower absorbed energies with lower temperatures. The bridge
steel specifications require an energy level in the transition region of the curve at temperature
that is based upon the lowest service temperature.

15
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Figure 11 General Charpy V-Notch be rgy as a Function of Temperature
2.4 Distortion-Induced Fatigue
2.4.1 Introduction

ffect of stresses acting on pre-existing flaws,
respect to fatigue lives of fabricated steel elements.
es can be calculated, usually at an elementary level.
The loads those associated with the strength design of the members. In
many instyEke crack growth results from distortions not typically considered
by designe o0sSible in some of these cases to calculate a stress range, this is

Most of the topics so far
cracks, and geometrica,

0 identify the need for such calculations in the course of their work. As will be
atigue crack growth results from the imposition of relatively small
deformations, us@@ly out-of-plane, in local regions of a member. These deformations are not
anticipated in the design process. The main defense against this source of cracking is proper
detailing, and this, in turn, is dependent on experience.

likely to be ab
seen, this type @
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2.4.2 Exampled of Distortion-Induced Fatigue Cracking
2.4.2.1 Cut-Short Transverse Stiffeners

An example of the phenomenon is illustrated in Figure 12. Standard practice for many years was
to cut transverse stiffeners short of the bottom (tension) flange so as to prohibit welds on the
flange transverse to the direction of stress. Experience gained over the past 20 years has shown
that, in fact, the fatigue life of the detail is independent of whether the stiffener terminates in the
web or is extended down to the flange. This is reflected in the current AASHZO LRFD
Specifications. The only difference, then, is the effect of the difference of thc\gliess in the web

some fabricators prefer fitting or welding the stiffener to the flange to help
perpendicular to the web. The height of the gap between the end of the stifh

consequence of transverse forces in a skew bridge, but it coul
handling.

/’Detall at Bottom of Transverse Stiffener

irder and Transverse Stiffener

ure 12 Fatigue Cracking from Out-of-Plane Movement

The detail in Figure 12 shows the crack emanating from the weld toe at the bottom of the
stiffener. Often, the crack will also extend across the toe of the fillet weld at the underside of the
stiffener and for some distance into the web. Up to this stage, the crack is more or less parallel to
the direction of the main stress field that the girder will experience in service. Thus, if the source
of the displacement-induced fatigue can be identified and eliminated, then further growth of the
crack is unlikely. However, if crack growth has gone on for some time, the crack may have
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turned upwards or downwards in the web and thus be aligned in the most unfavorable orientation
with respect to primary stresses.

The detail just described (Figure 12) has been the source of many fatigue cracks in the past. New
designs accommodate the situation by providing rigid attachment of the stiffener to the flange
where out-of-plane movement is anticipated, reducing the possibility of fatigue crack growth that
is induced in this manner.

2.4.2.2 Floor Beam-to-Girder Connection

Another illustration of a case in which out-of-plane movement can produce fat racks is
shown in Figure 13, where a floor beam is attached to a vertical connection g8 welded
to the web of a girder. Under the passage of traffic, the floor beam will rota R s this
rotation occurs, the bottom flange of the floor beam lengthens and the top

Lengthening of the bottom flange will not be restrained because it jg cb of the
girder, which is flexible in this out-of-plane direction. However,
girder is restrained by the deck slab, shortening of the top flange ¢ bam can only be
accommodated by deformation within the gap at the top of
deformation is shown (exaggerated) in the detail in Figure 1

Detail at

gap

Figure 13 Floor Beam-to-Girder Connection

The behavior illu@ated in Figure 13 has been confirmed by field measurements (10). Moreover,
the field study showed that each passage of an axle caused a significant stress range at the top of
the connection plate. In this situation, fatigue cracks could develop either at the weld at the top of
the connection plate or at the web-to-flange fillet weld of the girder, or both. The residual tensile
stress in this small gap will tend to be very high because of the proximity of the two welds. It can
be expected that fatigue cracks could occur under relatively few cycles of load, although of
course the fatigue life will depend largely upon the deformation, A, that actually takes place as a
result of the rotation of the floorbeam. The deformation can be eliminated in new construction
by welding the floor beam connection plate to the girder flange.
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2.4.2.3 Web Gaps in Multiple Girder and Girder Floor Beam Bridges

Diaphragms and cross-frames in multi-beam bridges are used to provide torsional stiffness to the
structure. The diaphragms or cross-frames are connected to the longitudinal members by means
of transverse connection plates, and this often provides fatigue conditions similar to the floor
beam-to-girder connection plate discussed above. The connection is usually made to transverse
stiffeners that are welded to the girder web. In the past, it was customary that no connection be
provided between the stiffener and the tension flange because this would advgrsely affect the
fatigue detail category of the girder. Sometimes these stiffeners were not attaSid to either

not attached to the beam flange. The magnitude of this out-of-plane moven|
girder spacing, amount of bridge skew, and type of diaphragm or cross-fra

angles. Figure 14 shows the underside of a multiple girder bridgg -type cross-frame
bracing system. In the web gap, cracking developed in the 1V 'gion (i.e., top

flange in tension) of this continuous span structure. This cra
which is a view along the length of the braci

(Q and its transverse stiffener. The
transverse stiffener to which the X-bracing is att

ded to the top (tension) flange
cement to occur in the web

connection plate.

Figure 14 X-Bracing and Girders
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One of the earliest and most common sources Qf fatigue craclglin weld®&@0ridges is the cracking
in the web gaps at the ends of floor beam co e cracks have occurred in the
web gap near the end reactions when the floor b te was not welded to the

moment regions of continuous gir i nection plate is not welded to the top
(tension) flange of the girder. One i Figure 16 where the web gap is

indicated by the arrow. The view is to
weld toe at the web-to-flange wel
crack). The illustration shows
that the top of the stiffener ha
clip is provided so that t i
the stiffener extends t
presence of the stiffene
constructi e deformat
the girder §

crack) dnd at the top of the stiffener (vertical

has been bolted to the transverse stiffener and
where it reaches the top of the girder web. The
e girder web-to-flange fillet weld. Thus, even though

gap in which deformation was concentrated. In new
an be eliminated by welding the diaphragm connection plate to
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Figure 16 Fatigue Cracké at Floor Beam Co
2.4.2.4 Web Gaps in Box Girder Bridges ‘

Internal diaphragms in various types of box gird ource of web gap cracking as
a result of cross-section distortion. This type of cra has beetl seen both in continuous and
simple span spread box girder stru,

An example of this type of cracking is in Fi 7. The structure is an elevated, curved
continuous span structure. Two ¢ ox girders with internal diaphragms support the

reinforced concrete deck. Fati i
region) near the piers and in t
locations. In both cases,
This resulted from the

gaPs (positive moment region) at the diaphragm
result of out-of-plane movement in the web gap.
and the resultant diaphragm forces.

Transverse
Connection
Plate

Gusset
Plate

Figure 17 Web Cracking at Box Girder Diaphragm Connection Plate
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The cracking that occurred at the top web gap is shown in Figure 17. The photograph, which was
taken inside the girder, shows the (sloping) girder web in the left-hand portion of the figure, a
transverse connection plate welded at right angles to it, and a gusset plate (horizontal) that
formed part of the lateral bracing used for shipping and construction. The gusset plate is about 80
mm below the top of the connection plate and there is a small gap between the top of the
transverse connection plate and the underside of the girder flange. (The photograph shows that a
loose plate has been placed in this gap above the connection plate. It was later fastened in place
in order to prevent further movement of the girder web in this region.)

deformation can be eliminated in new construction by welding th [icction plate to
the flanges.

\

Fit

v

18 Web Gap Cracking at End of Transverse Connection Plate

2.4.2.5 Coped B Connections

In order to facilitate the easy connection of one flexural member to another, the flange of one of
the members is often cut back, as is illustrated in Figure 19 (The detail shown was used
extensively in the past in through-girder railway spans.) In other cases, the flanges may simply
be narrowed: this is called a "blocked" beam. Fatigue cracking at coped beam locations is not so
much related to distortion-induced fatigue as it is illustrative of cracking at a location where the
calculated stress is zero.
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L I

to the potential for fatigue cracking created bygsuch \p, the tlame-cutting process can
leave a region of hardened and brittle material¥idjgce

The coped end of the beam is at a location o zero stress since the connection must
necessarily be one that does not tr. it
Nevertheless, the region of the cope dud¥o bending because of the restraint at
the connection. There are many examp king at cope locations (9), and the best
solution in the case of new desi copes entirely. If copes must be included,

execution of the work and ins

flange as ssion, it is assumed that the top flange will be braced by the
deck.) So between the lateral bracing system and the girder will be to a
horizontal p girder web. (In the AASHTO LRFD Specifications, this is termed

arrangement be as shown in Figure 20.
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transverse

/ stiffener

girder web

bracing force

connection plate
(lateral connect]

bracing force plate)

In the illustration, the horizontal connection plate is fitted ar:
and welded to it where they are in contact. Ing@her
clear through a slot in the horizontal plate witho

the vertical stiffener passes
at location. In either event, it

horizontal and vertical welds. Consgquentl g forces push into and pull on the web
at this location, the web will rotat ed by the back of the vertical
stiffener and the plane of the web. B¢ very flexible in the out-of-plane direction,
this causes large strains in the web in th: en the lateral connection plate is not
attached to the transverse stiffe s also a zone of high residual stresses because of
the proximity of the vertical a . Lack of fusion in the weld or other micro-

defects can also be antici rminations. Taken all together, these conditions
mean that the type of d i sceptible to fatigue crack growth. Due to the
bracing is required, and when the flange width and

Out-of-plane diglrtion that is concentrated in small web gaps remains a large source of fatigue
cracking in bri structures. It develops in nearly every type of bridge structure including
trusses, suspensioh bridges, plate girders, box girders and tied arches. It is fortunate that most of
the cracks that develop from local distortion lie in planes parallel to the load-induced stresses. In
addition, since stress intensities around distortion-induced cracks may decrease with increasing
crack length, cracks can slow, and even stop, once a certain flexibility has been provided. As a
result, distortion-induced cracks have not caused significant numbers of fractured flanges or
hampered the load-carrying capability of the bridge member in which they form.
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3.0 THE AASHTO PROVISIONS
3.1 Load-Induced Fatigue
3.1.1 The Limit-State Function

The limit-state function for load-induced fatigue design, as specified in LRFD Equation
6.6.1.2.2, is:

v(Af) < (AF),

where

= appropriate fatigue limit-state load factor, either Fati
(Af) = force effect, live load stress range due to the passa
specified in LRFD Article 3.6.1.4

(AF), appropriate fatigue resistance

The load applied for fatigue design of LRFD Article 3.6.1.4 1
truck or design tandem) and lane superpositi

design truck with a fixed rear-axle spacing of 30

t the THE-93 vehicle (design
esign, but only to the HL-93
rear axle spacing represents

crossing the bridge. Further, a dyn ) of 15% is applied to the truck,
representing a reduction of the 33% u sign, again representing average
conditions not the extreme IM us 1

The AASHTO LRFD eight Detail Categories for fatigue: A, B, B, C, C,
D,Eand E’ e-resistance curves given in the LRFD Specifications.

The plot the vertical axis and number of cycles on the horizontal axis for
the various ; goories @th axes are logarithmic representations. Over some portion of

the range, cAgh ? Ly 1s a sloping straight line with a constant slope equal to 3.

, depends on the Detail Category, the fatigue-resistance line is
horizontal. ThigHE ature will be discussed subsequently.

Equations are prd@@nted in the LRFD Specifications for the various Detail Categories. The plot
of the Detail Categories appears in the Commentary of the LRFD Specifications. The equations
for the design line are given in the body of the specification. Detail Categories are defined
through a table of verbal descriptions and sketches, a portion of which is illustrated in Figure 22.
The ranking of the Detail Categories is such that Category A has the best fatigue resistance and
Category E' the worst. The numerical entries in the table will be discussed subsequently.
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Description

3.7 Base metal at the
termination of partial length
welded cover plates that are
wider than the flange and
without welds across the ends.

Initiation Point

Illustrative Examples

In the edze of
the flange at the
end of the cover

plate weld

connection plates).

44 = 10° 12 Tnitiating from
the geometrical
discontinity at
the toe of the
fillet weld
extending into
the base metal

Figure 22 Tabularized Detail Category Descriptions as Given in the LRFD Specifications
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3.1.3 Infinite —Life Design

The Fatigue I limit-state should be checked first. Satisfaction of the Fatigue I limit state should
theoretically provide an infinite fatigue life for the detail in question. This limit state does not
require the average daily truck traffic (ADTT) which should be averaged over the life of the
bridge, to date and into the future. If this limit state is not satisfied, the Fatigue II limit-state can
be investigated with an estimated ADTT averaged over the life of the bridge.

3.1.3.1 Load-Side of the Function

Many bridge details exhibit a fatigue threshold such that if all applied stresSanges are kept
below this threshold value of stress range, the detail will not crack during j S@kifc but will
theoretically exhibit infinite fatigue life. The Fatigue I limit-state load cd 1
to represent infinite-life fatigue design. The Fatigue I load factor on live S ESP

the stress range due to the heaviest truck that needs to be considg e

absolute heaviest truck. The live-load load factor of 1.5 was de @ ¢ 1-in-10,000 greatest

stress range experienced by a bridge detail.

The fatigue resistance for the Fatigue I limit-&e on traight, horizontal lines in
Figure 21. These horizontal lines constitute the ¢ nt-am fatigue threshold (CAFT) as
depicted in the figure. The threshold value the us Detail Categories are tabularized in

3.1.3.2 Resistance-Side of the Function

tigue Thresholds

Constant-Amplitude
atigue Threshold (ks1)
24
16
12
10

12

2.6

3.1.4 Finite —Life Design

If the Fatigue I limit state cannot be satisfied, the Fatigue II limit-state should be checked.
LRFD Table 6.6.1.2.3-2 presents the 75-year ADTT in a single lane for each Detail Category
below which the Fatigue II limit state for finite-life design governs. Note that these vales of
ADTT are relatively low less than 2000 trucks per day) for most categories.
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3.1.4.1 Load-Side of the Function

Fatigue damage does not accumulate significantly due to the relatively small number of heavy
trucks but more so due to the vast number of trucks of more typical gross-vehicle weight. Thus,
the Fatigue II limit-state load factor on live load included in the LRFD Specifications is less than
one, specifically 0.75. Further, this load factor is not applied to the HL-93 vehicle and lane
superposition, but only to the design truck with a fixed rear-axle spacing of 30 feet. The factored
stress range from this load factor and truck represents the most typical truck. This factored stress
range is used to design bridge details to exhibit a finite fatigue life based upgn the average daily
truck traffic (ADTT). The live-load load factor of 0.75 was derived as the r ean-cube of the
stress ranges experienced by a bridge detail.

3.1.4.2 Resistance-Side of the Function

6.6.1.2.5-2 as:

1
A3
AF) =| —
(0F), [ 4]
in which:

N = (365) (75) n (ADTT)s.

where:

range produces change in fatigue life.

28



Table 2 Detail Category Constant, A

Detail Category Constant A
A 250x 108
B 120x 108
B’ 61x10%
c 44x 108
c 44x 108
D 22.%108
E 1l %108
E' 39x108

3.2 Distortion-Induced Fatigue

difficult for a specification or design standard to provide ve . of explicit rules
relating to distortion-induced fatigue. The AASHTO LRFD i Jvides a separate

stresses the importance of proper connection @tran nents to longitudinal (i.e.,
main) components. Sub-sections then offer speci i ating to transverse connection
plates (LRFD Article 6.6.1.3.1), lateral connectio rticle 6.6.1.3.2), and
orthotropic decks (LRFD Article 6.6.1.3.

LRFD Article 6.6.1.3.3 simply direct
requirements for orthotropic decks. are mainly a reflection of good practice

j onstruction. The articles relating to connection

er detailing. Cracking resulting from improper
source of fatigue cracking in bridges. LRFD Article

lity of fatigue cracking as a result of excessive out-

plates provide rules for this i
detailing of connection p
6.6.1.3 also alerts the d.
of-plane flexing ofa g

Fracture of ers is typically precluded through material selection by specifying
adequate min levels of toughness for the various grades of bridge steels based upon
minimum expc@ikd temperatures and material thickness. Also, a Fracture Control Plan, per
AASHTO/AWSS .5 Specifications, can provide a higher level of safety for fracture critical
bridges. A Fractire Control Plan is a holistic approach that includes everything that affects the
potential for fracture, including aspects of design, detailing, materials, fabrication, and
inspection.

The designer is responsible for determining which, if any, component is a fracture-critical

member (FCM). The LRFD Specifications defines a fracture-critical member as a component in
tension whose failure is expected to result in the collapse of the bridge or the inability of the
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bridge to perform its function. The location of all FCMs shall be clearly indicated on the
contract plans.

Three temperature zones specified in the LRFD Specifications are based upon minimum service
temperature. Higher CVN impact energy requirements are specified for higher grades of steel,
thicker material and lower service temperature. Requirements for fracture-critical members are
more severe than for non-fracture-critical members. These CVN impact energy requirements are
tabulated in LRFD Table 6.6.2-2.

positive-moment
ating, while in

CVN impact energy testing requirements vary along a continuous girder. In%
region (in other words in the spans), the bottom flange is in tension and requiresy
the negative-moment region (in other words over the piers), the top flange ig

requires testing.
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