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Fatigue damagis one of the primary safety conceffos steel bridges reaching
the end of their design life Currently, federal requirements mandatgular
inspection ofsteel bridges for fatigue cracksith evaluative reportingo bridge
management systems. The quality of the inspection is subjective and time delayed
due to inspection cycles, which are scheduled for every two years. However,
strudural health monitoring (SHM) data collectédtween inspectieimtervals can
provide supplementary informatiomn astructual condition thatamelioratessome
drawbacksof current inspection methodsThrough the use of SHM and finite
element mode]sfatigue performance assessments can be utilized throughout the

service life of fatigue sensitive bridge elements for mitigating fatigue damage and

preventing sudden fatigue faiki These assessments will additionally be useful to



inspectors when reporting bgd condition evaluations to bridge management
systems.

The main goal of this study is to develop a fatigue life assessment method used
for determining the remaining useful life of steel bridges and to map these results to
existing bridge management systs. In order to achieve this goal, the current
practices and methodologies associated with fatigue life of bridge elements and the
use of bridge management systems are investigated.

For analysesf fatigue damagehe fatigue lifas split into two different periods
of analyses: a crack initiation period and crack growth period. In order to quantify
the effects of fatigue damage, each period of the fatigue life is associated with a
unigue assessment method, an empirical correlation assessmersd faadure
mechanics assessment. Structural health monitoring technageesmployed to
monitor the behavior of the bridge components and bridge elem&hesse two
assessment methods are combined to form a damage accumulation model to estimate
the fatigue lie. The proposed damage accumulation model uses the acquired data
from structural health monitoring alongside finite element modeling to derive a
damage prognosis of bridge elemenifie damage prognosis attempts to forechst
st r u cpedormance Y measuring the cuoulative fatigue damageestimating
future loads,and ultimately determining the remaining useful life of thrédge
element. Atechnique for mapping the results of the damage prognosis into condition
state classifications [groposed.

The suitability and applicability of the proposed damage accumulation model is

illustrated on an existing highway bridge. ighridgewasselected as a good



candidate for fatigue monitoring due to the average daily truck traffic and the
identificationof existing andactive fatigue cracks. The application of the damage
accumulation model is demonstrated and a damage prognosis is derived. Finally, the
damage accumulation results are integrated with current condition state classifications

used in bridgenanagement systems.
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Chapter One Introduction and Overview
1.1 Problem Statement

As a large number of aging bridges are approaching the end of their design life and
are continuously requiring more maintenance, there is increasing demand to assure their
long term health. These ging bridges are increasingly experiencing damages and
appoaching failure when confronted with high traffic volume and weight, deteriorating
components, as well as a large number of stress cylile®013, the American Society
for Civil Engineers (ASCE) released an updated Infrastructure Report Card that found

nearly 25% of the nation’s bridges to be
obsolete. A bridge is considered structurally deficient when it is in need of significant
maintenance, rehabilitation or replacement due to deteriorated physicalamnditd is
considered functionally obsolete when it does not meet current standards, such as vertical
clearances or lane widths. Taake these condition assessmetiie Federal Highway
Administration usesnformation from inspection reports that are tedsby state and
federal bridge management systerfBMS). Bridge management systems are heavily
dependent on field inspectors, who are to collect information on bridge elements and
bridge components, evaluate their condition, and enter this data into the BMS database.
Among the various tasks of bridge managemfeit] inspection is the most essential in
evaluating theurrent condition of a bridge, which is continuously subjected to damaging
loads from traffic.

Structurally deficient and functionally obsolete bridges are still open to daily traffic
and continuao experience increasing traffic volumetheseeffects of theséadingsare
most pertinenton steel bridges which areulnerable to fatiguenduced damagethe

1



process of material degradation caused by repeated loads. Fatigue damage occurs over a

long period of time and ishe primary failure mechanism in steel bridges reaching their

original design life(FHWA, 2011) Fatiguedamage idargely dependent on trsze of

thetraffic loadings the frequency oftheloads,and structural detailing in critical regions

of a component or structufelaldipur, et al., 2010) The process of metal fatigue begins

with tiny material imperfectionsor defectsthat are amplified and enlargethto cracks

from the dynamic loadingsmbridges. Thesdefectsusually initiate at the fatigue prone

areas of the bridge: the bridge connections, attachments, and details, such as welds

connecting connection platesdteel girders. Thdefectsbegin togrow under repetitive

loads untilan unacceptableracksizeis reachedand eventually cause structural failure.

Fatigue failure is particularly dangerous because it s@netimesoccur without any

obvious prior warninggFHWA, 2011). The implementation of sensing instrumentation

on a structure can be used in order to provide information on structural damage and

structural performance. This is more often characterized as structural health monitoring.
Structural health motoring (SHM) systems installed on aging bridges can increase

their safety and reliability by replacing scheduled maintenantle gonditiorbased

maintenanc®dased on the feedback from the SHM sys(Rabiei, 2011) When SHM $

performed in coordination with existing offline ndestructive inspection practices, the

structural health monitoring data collected in between current inspection intervals can

provide supplementary information of the structures condition that potgraikviates

some drawbacks associated with conventional offline inspection prackoesnstance,

while current federal requirements mandatelges to be inspected regularly for fatigue

cracks these inspections are termed routine inspectiand,ae typically carried out by



the bridge owners every two yedi$BIS, 2011) Further, theseénspections may lack
accuracy since they rely heavily on visual inspection, which are subjective to the
i nspector’ s e xallyanharemtimitatiors.n d phy si

It has become evident that sound infrastructure management decisions can be
supplemented through damage accumulation models developed from accurate condition
data in the fieldHu, et al., 2005) Damage accumulation models can be used for the
damage prognosis of bridge elements. Reporting the damage progrosisidge
management systems is also a significant contribution to a strong bridge inspection
program. The success of any bridge inspecprogram is dependent on its reporting

system(FHWA, 2012)

1.2 Research Objective
The primary goal of this research is qoantify fatigue damag#hat is currently

overlooked by inspection methodsdto develop a damage acculation model usedor
the damage prognosis of existing highway bridgements The resulting damage
prognosis is then tied to bridge management systems, vanehused to effectively
manage the informatiorelated to bridge conditionby integrating thelamage prognoses
with bridge management condition statéghe following specific objects are defined to
accomplish the main goal:
(1) To outline the factors that characterize st r uct ur anddo famalata gu e | i

procedure for fatiguéfe assessmenan empirical correlation approach and fracture

mechanics approach are combined for the formulation.



(2) To provide a thorough review of bridge management systeamlition ratings used
at the state and federal level must be clearly establishexdien toproperly map the
fatigue damage into relevant ratings.

(3) To implement a structurdnealth monitoring system on a particular element of an
existing highway bdge. The SHM system wilinonitor and collectdatathat is
representative of evelyday thaffio lehdirgs Bhe acaqised o n s e
data is themuseal in the damage accumulation model which can predict the remaining
useful life (RUL) at the structural component level.

(4) To develop ad experimentéy verify a fatigue damage accumulation motight uses
theacquired data fromtructural health monitoringlongsidefinite elementmodeling
of an existing highway bridgeith an active crack The damage accumulation model
is used to derive the damag®gnosis of the bridge element.

(5) To devisea translatoitool that willintegrate the damage progmosto the condition

ratings used bgtate and federdridge management systems.

1.3 Organization of Dissertation

This dissertation consists afeven chaptes, including the introduatn to this
research in Chapter Onand the conclusions summarized in Chafeven The
remaining chapters are organized as follows,

1 Chapter Dffersan extensive review of current bridge management systems,
on both the federadnd state levelalongtheir corresponding methods for
bridge condition ratings. Further, an overview of fatigue life concepts and
definitions of failure mechanics is provided in this chapter.

1 Chapter3 provides background dhe fatiguecrack initiaton period. The

analyses for acquisition and processing of data from fatigue ;|@daisg



with the extrapolation of load historiesdescribed. Furtherhé analyss for
damage prognosiser the crack initiation period is discussed in detalil.

Chapter 4provides background of the fatiggeack propagation periodA
review of crack growth behavior is provided. The use of linear elastic
fracture mechanics and finite element models to evaluate and analyze crack
growth is justified. A description on howtiigue crack growth can be paired
with acoustic emission sensors is gisovided. The chapter concludes with

a damage prognosis that is compared with the fracture toughness of the
material.

Chapter 5 proposdsow the fatigue life prediction model can in¢egrated

with current condition ratings. This integration depends on nfieatyres
including thetype of the structural detail, the condition of the structural
detail, and the redundancy of the detail or the structure itself. Review of
these featureis provided. The features are mapped into a flow diagram that
illustrateshow a quantitative fatigue damagognosiss derived and how it

fits into the bridge management condition states.

Chapter 6provides a case study thdémonstrateshe configuation of the

SHM systemon an existingsteel tgirder bridge inMaryland This chapter
shows the acquired sensor datee results from data processing techniques,
and how the SHMdata was used to quantify fatigue damage assessments
using the theoriesyt forward in Chapter 3.Further, alocal finite element
model isdeveloped and used to find information about the fatigue crack
growth using the theories put forward in ChaptetUttimately, thedamage
accumulation approach is used derive the damag@rognosis. These
guantitative assessments are then teectondition statesas put forth in
Chapter 5.



Chapter Two: Literature Review

The first signs of the fatigue failure became evident in tffecé®tury on structures
experiencing fracture, e.g. steam engines, locomotives, and pumps. This unknown
fracture phenomenon was initially studied by August Woéhler who recognized that a
single load application, far below the static strength of a strudig@ot do any damage
and that repeated load cycles of the samegnitude could cause failureWo h |l er ' s
research also revealed that fatigue occurs by crack growth from surface defects until the
material/structure can no longer support the applied Ifactsjve, 2009) While fatigue
as a technical problem was investigated in tHE céhtury, the most substantial research
contributing to fatigue occurred in the second half of tHecmtury.

The first signs of fatiguecrask on bri dges were discovered
localized fatigue failures have been widespread, only a few bridges in the United States
have collapsed as a result of fatigue danm(&yRNVA, 2012)

The first bridge collapse due to fatigue failure was $ilger Bridge an eyebar
chain link suspension bridge with a 7@8pan across the Ohio River, connecting Point
Pleasant, West Virginia ar@allipolis, Ohio. The Silver Bridge collapsed on December
15, 1967 during rushour traffic and resulted in the death of 46 people. While chain link
suspension bridges are usually built with eyebar links combed together to form a highly
redundant structure, the Silver Bridge was built as arkEdundant bridgevith high-
strength steel eyebar links and composed of only two bars each. At the time of its
collapse and almost forty years after its construction in 1928, the weight of the average
automobile doubled and the large truck weight limit tripled, causindpridge to carry

much heavier loads than it had been initially designed for. The increase of traffic loads



caused the eyebar links to experience higher stress concentrations and ultimately develop
stress corrosion cracking: the growth of cracks throughsiimultaneous action of a
tensile stress and corrosive environment. The induced stress corrosion to the bridge
triggered an existingmicroscopic crack (formed during casting) to propagdie
approximately 0.1 inckFHWA, 2012) With only two bars, once the first eyebar broke,
other members of the bridge experientégher stress, and the remaining steel buckled
resulting in total failure of the bridge. It was the collapse of the Silver Bridge in 1967
that resulted in the delpmentof the bridge inspection and reporting programs that
remain in place todafChen, et al., 2005 pp. 3H.

The second bridge collapse due to fatigue failure occurred on June 28, 1983
when theMianus River Bridie a two girder span bridge, in Greenwich, Connecticut fell
into the Mianus River. The collapse of the bridge was caused by a two pin and hangar
assemblythat held the bridge deck in place. The bridge first experienced problems when
one of the pin beargs rusted over and exerted force on a hangar beyond its design limits
and then off of the pin. The bridge load was shifted to the only other pin joint, causing
higher stress levels which developed into a fatigue crack at the corner of the pin. On the
night of collapse, the vulnerable bridge section fell under the load of two heavy trucks
and a car, causing the remaining expansion joint to fail and theedondant bridge to
crash into the river below.

The Silver Bridge and the Mianus River Bridgee both examples of fatigue
cracking to the point of failure ofracturecritical members. In order for a bridge
member to be lassified asfracturecritical, the failure ofone memberwill result in

partial or total collapse of the bridge. At the tiofefailure, both the Silver Bridge and



Mianus River Bridge were lacking redundancy: a structural condition where there are
more elements of support than necessary for stability. In cases of structural redundancy,
the additional members have the capactycarry the additional load and avoid the

collapse of the structuf@HWA, 2012)

2.1 National Bridge Inspection Program

The collapse of the Silver Bridge in 19@rousednational interest in the safety
inspection and maintenance of bridges. As a result, Cong®ssl the FederaAid
Highway Act of 1968, whichconfrontedthe need of periodic and consistent bridge
inspections. Upon the creation ofFederalAid Highway Act of 1968, all bridges
constructed with federal funds, dridges thatcarried a federally funded road, were
lawfully required to be inspected.To fulfill these requirementsa National Bridge
Inspection ProgranfNBIP) was establisheth 1971t o ensur e the safety
bridges through regular inspection and maintenanéaditionally, the FederaAid
Highway Actof 1968 continues to servas the foundation for thetream of legislation
funding highway bridge replacement and rehaltibtain federal programever the last
45 yeargChamberlin, 1999)

The NBIP provided a platforno develop a national policy of bridge inspection
standardswhich becameknown as the National Bridge Inspection Standardshe
National Bridge Inspection Standards (NBIS) are federal regulations estagplish
requirements for:

1 Inspectionand ratingprocedures
1 Inspection frequency

1 Inspector qualifications

1

Inspection report®ormats



1 Maintenance of state bridge inventory

Three manualare currently usetb guidestate agencies with definigvguidelines
for compliance withthe NBIS. The first manual Bridge InspectordReferenceManual
(BIRM) 2012 provides comprehensive informatioon programs, procedures, and
techniquedor inspecting and evaluating a variety ofservice highway bridgesThe
second manuaManual for BridgeEvaluation(AASHTO ManuaR010 with 2011, 2013
and 2014 Interim Revisionsgrves as a standard to provide uniformity in the procedures
and policies for determining the physical condition, maintenance needs dnchjmcity
of highway bridges. The third manualFHWA Recording and Coding Guide for the
Structure Inventory and Appraisalf t he Nati ondés B95pgdes ( Cod
detail and guidance in evaluating and coding specific bridge detés manual is the
basis behind the component condition rating method that makes up the National Bridge
Inventory. Relationships beteen the National Bridge Inspection Program (NBIP), the
National Bridge Inspection Standards (NBIS), and the National Bridge Inventory (NBI)

are shownn Figure2.1.
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Figure 2.1 Relationshipsof aspects in the National Bridge Inspection Program

2.1.1 National Bridge Inventory

The success of any bridge inspection program is dependent on its bridge
management systemwhich heavily relieson accurateand consistentbridge inspection
data. Bridge management systems are used by transportation departmeffiectively
manage the information of bridges, including the regular inspection and maintenance
activities. Bridge management systems consist of inventory database information of the
bridge (e.g. previous repairs or replacement of components) and fialdagon
assessments (e.g. assessment of condition and strength). Among the various tasks of
bridge management, fielthspection is the most essential in evaluating the current
condition of a bridge. Thus, current bridge management systems are hepeihglelet
on field inspectors to collect information on all the individual elements of a bridge, to

evaluate their condition, and to enter this data in to a BMS database.
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In order to meet thelemang of constructing anationwide bridge management
systema National Bridge Inventory (NBI) was developad part of the NBIP in order to
establishing maintenance priorities and replacement prioriti€ee NBI unifiesthe
nat i brildes into an aggregated database containing detailed technical and
ergineering nformationof the bridggRyan P.E., et al., 2012])his information is based
on the most upto-date condition of the bridge that has been evaluated by accredited
inspectors. The NBI contains information onfar i dge’ s charact-eri sti
place condition of the bridgéhe bridges capacity, the estimated maintenance @osls,
the current condition compared with current standar@sderal rating guidelines have
been developed in order to providentouity for the inspection of superstructures. The
two major rating guideline systems currently in use areRH&/A's Recording and
Coding Guide for the Structural Inventory and Appraisal of the Nation's Briaglggd for
the National Bridge Inventory corapent rating method and the element level condition
state assessment method using W&SHTO Guide Manual for Bridge Element
Inspection(FHWA, 2012) However, hese element level condition assessments are

integrated into the NBratingswith instruction from the AASHTO Guide Manual

2.1.1.1 NBI Condition Ratings

Condition ratings are used to describe the existingldane bridge as comaped to
the asbuilt condition. These ratings are based onte inspections of each bridge
structure/substructure and highly consider the structures age and the environmental
conditions the structure has been subjected to.the National Bridge Inventory,
condition ratings are applied tthe major parts of the bridge, i.e. the deck, the

superstructure, and the substructufdese items are summarizediable2.1 below.
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Table 2.1 Items considered in NBI component condition ratings

Component | Description

Deck The bridge deck is the supporting surface of the bridge. It may or
not be covered with a wear surface such as asphalt. The dadges
often steefeinforced concrete and is supported by the Superstrug
(Svirsky, 2014)The condition rating escribe the overall condition
rating of the deck. This condition of the surface/protective systen
joints, expansion devices, curbs, sidewalks, parapets,s ¢hridge
rail and scuppers is not included in the rating, but the condition w
be noted in the inspection form. Decks that are integral with the
superstructure will be rated as a deck only and rilteince the
superstructure rating.

Superstructure Thesuperstructure includea! the structuramemberghat support
the bridge deck. These may include steel beams, a concrete fran
culvert, steel cables and a floorbeam system as used in a suspel
bridge, or a steel trugSvirsky, 2014) The condition rating escribes
the physical condition of all the structural members. The conditio
the bearings, joints, paint system, etc. will not be included in the
rating excepfor extreme situations, but the condition will be notec
the inspection form. Superstructures that are integral with the de
will be rated as a superstructure only and not influence the deck
rating.

Substructure | The substructure is essentially the gigls foundation supporting the
superstructuréSvirsky, 2014)The condition rating escribes the
physical condition othe substructure; which may peers,
abutments, piles, fenders, footings or other components.

Dependingon the amount of deterioratipthe bridge components are categorized
into ten condition ratings which were developed by the Matidridge Inspection
Standards. Using NBI component condition rating guidelinesymponent condition
rating codes range frofd to 9, whee 9 is the bespossiblerating. Table 2.2 outlines
these Structure Inventory and Appraisal (SI&A) component condition gatifilge one
digit structurecodes are reporteoly bridge inspectors and state DOBsthe NBI ona

FederalSI&A forms. These forms are not inspection forms, jogt summarize the
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bridge data required by the FHWA to meet tieguirementsof the National Bridge

Program.
Table22Gener al component condi ti on Codiang Guidg s
Rating | Condition Description

9 Excellent condition

8 Very good conditionr- no problemsioted

7 Good condition- some minor problems

6 Satisfactory conditior structural elements show some minor deterioratio

5 Fair condition—all primary structural elements are sound, but may have
minor section loss, racking, spalling or scour

4 Poorcondition—advanced section loss, deterioration, spalling or scour
Serious conditior-loss of section, deterioration, spalling or scour have

3 seriously affected primary structural components. Local failures are pos
Fatigue cracks in steel oresr cracks in concrete may be present.
Critical condition—advanced deterioration of primary structural elements

5 Fatigue cracks in steel or shear cracks in concrete may be present or sc
may have removed substructure support. Unless closatytored, it may be
necessary to close the bridge until corrective action is taken.
—l mmi nent I f amajoudeteriorationrodsection loss present i

1 critical structural components or obvious vertical or horizontal movemen
affecting struatire stability. Bridge is closed to traffic but corrective actior
may put back in light service

0 Failed condition- out of service- beyond corrective action

gui del

While the range of the ratings is from 0 toa¢ouple of these ratings hold more

significance over the other$:or instancefrom ratings 59, the structure is not in need of

any immediate repair, and in the worst case scenario (a rating of 5), the components are

just selected to receive careful attention in the next inspection. \doweéhen a primary

component of a structure has a rating of 4 or lower, then the structbenonsidered

to bestructurally deficien{FHWA, 2010) A rating description of structurally deficient
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is used to classify a llge whose structural elements are composed of deteriorated
physical conditions and consequently the load capacity is reduced. A structurally
deficient classification does not imply the bridge is unsafe. In most cases, when an
inspection reports a bridges structurally deficient then the bridge is posted for reduced
loads and scheduled for repairs. In other cases, the bridge may be temporarily closed until
repairs can be complete@®DOT, 2013) A bridge can also receive fanctionally
obsoleteclassification. A rating description of functionally obsolete is reserved for
bridges that do not meet current standards, primarily geometric standards. For instance, a
functionally obsolete bridge may not have adequate lane widthddehavidths, vertical
clearances, or design loads to serve traffic demands. This term is also used to describe
bridges that are occasionally floode€dDOT, 2013) A functionally obsolete bridge is

not bounded by any particuleating.

Component cadition ratings are determined frooondition descriptions, which are
broadin nature covering alarge varietyof bridge elements and materials typd@$e
inspector is responsible faccuratelymapping the structural deficienciaad condition
descriptionsinto the appropriatecondition ratings. The followingjst illustrates several
common deficiency terms found in condition descriptions and their associated material
types(FHWA, 2012)

Section loss sually applies to steel members or reinforcing steel
Fatigue crack applies to steel members

Cracking/spalling usually are used to describe concrete

Shear crack usually applies to concrete but may apply to timber as well

Checks/splits applies to timber members

= =/ 4 A4 A -2

Scour can apply to substructure
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Guidelines set forth in th€oding Guidehelpfully clarify how eachcomponent
evaluation and structural deficienaffects the condition rating it receives. The
following method fordetermining the proper condition rating has been found to help
inspectors derive to a suitable rati{fdHWA, 2012)

Identify phrases that describe the component

Read through the rating scale until encountering phrases that describe
conditions that are more severe than what actually exists

Be sure to read down the ratings list far enough

Correct rating number then is one number higher

Proper assignment of theratition ratings is best achieved when bridge components
are broken down into individual elements and then evaluaBsitige elementsre the
individual members that are connected together to construct the bridge components.
Bridge elements include compents of bridges such astringers cables, girders
columns, piles, pierand othersystems that are typically managed by agencies utilizing
state bridge management systg@®8SHTO, 2010) Bridge elements are categorized at
different levels, i.e. National Bridge Elements and Bridge Management Elerasistsen
in Figure 2.2. The National Bridge Elements (NBE) represent the primary siraict
elements of bridges that are a national concern for safdtife Bridge Management
Elements (BME) include other bridge elements that state agencies have chosen to pay

particular attention to
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Bridge Managemen

Element Systems

National Bridge Bridge Management
Elements Elements

Elements and structural detail
Elements defined by NBI defined by state agencies for|
evaluation and inspection

Figure 2.2 Categorization ofbridge elements
Figure2.3 displays the breakdown of variobd8Esthat correspond with the bridge
compnents and material types. Since the NBI only considers ratings of bridge
components, the national bridge element condition assessments should be translated into
the component format used in the NBI. Processes to convert from NBE condition ratings
tothecomponent conditi on r a tBridgeggeement Irespedtianu n d

Manud 20I10.
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National Bridge Elements (NBE)
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Figure 2.3 National bridge elements corresponding with bridge componenfAASHTO, 2010)
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While the NBE rating system offers a more detailed description of bridge damage
by considering bridge elements, it is still largely generic in order to maintain
compatibility of condition assessments between agencies and states. Diaphragms, cross
bracing,and connection plates are not considered in the breakdown of national bridge
element§AASHTO, 2010) However these items are often assgssea smaller scale

by state agenciasing their ownBME system broken down irFigure2.4.
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A AS HT @ridge Elanent Inspection Manud&012 compiles information of all
Bridge Management Elements and their -sebs, known as Commonly Recognized
Elements (CoRe) for Bridge Inspection. The purpose of adopting CoRe elements for
bridge inspection was to standardize elafstevel condition data collection in the United
States. The AASHTO manudkfines edg bridge elementprovides definitions of the
elementscondition stateand provides a table of feasible actions for the condition state.
In cases where the agendgfinedBME is also a NBE, the agency developgdment
condition states must have capability to be aggregated back wikhfd¢Bsubmission
with the NBL

Currently, many states use tR®ntis system to assist inspectors with thesie
evaluations of bdge. Pontis is a bridge management software tool, which was
developed under a FHWA contract with Cambridge Systematics and Optima, Inc. and
California DOT, and then later sponsored by the FHWA for cross development amongst
state DOTs(FHWA, 2013) The system is currently owned by AASHTO, who has
licensed Pontis to over 45 state DOTsincluding the Maryland State Highway
Administration There is no federal requirement for states to usePtrgis system,
however, many statasse the system because it can be more specific to categorize and
describe the types of defects in the brié¢gments. Bridges are presented by the CoRe
elements in Pontis, and percentage condition states for bridge elements are inspected and
stored in tle databaseThe AASHTO Bridge Element Inspection Man@allQ provides
detailed information on how to map defects from Bwntis system into the correct

condition statefor National Bridge Elements.
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The Pontissystem stores more detailed informatiorthed elemental defects than
is required from th National Bridgdnventory. The system provides quantitative data
bout the physical condition and performance of bridge elemefts. instance Smart
Flags DefectFlags) are usetly some agencie® identify the predominant defect for
that condition state. These flags describe the level of deterioration on the structural
element. They are prescribed their own condition states, which are later mapped into the
Bridge Management Elemenbmponent andition ratings. In cases where the Bridge
Management Element is also aefined National Bridge Element, then the defect flag
condition state is also considered in the NBI. Trsssartflags are listed as:
Table 2.3 Smart Flags found in Pontisbridge managementsystems

Steel Outof-plane
Compression Members

Steel Cracking/Fatigue Settlement

Pack Rust Scour Deck Traffic Impact
. Superstructure Traffic Substructure Traffic
Concrete Cracking
Impact Impact
Concrete Efflorescence | Steel Section Loss Barrel Distortion

The smartflags of particular interest in this paper &@teel Cracking/Fatigue.
This flag is only used for elements that are already showing fatigue damage and is not
applicable to bridges wheratigue damage is not presenifable 2.4 lists the three
condition states associated with the Steel Cracking/Fatigue defect flag and their
correspondinglescriptions.

Table 2.4 Pontis System condition state definitions fosteel fatigue

Condition | Fatigue Fatigue damagexists, but habeen repaired or
State 1 Damage arrested. Thelementmay still be fatigue prone.
Fatigue damage exists which is not arrested
Condition | Analysis (normally, this condition state would be used the fi
State 2 warranted time the element is identified and at any other time

when additional fatigue damage occurs).

Fatigue damage exsstvhich warrants [structural]
analysis of the element to ascertain the serviceabi
of the element or bridge.

Condition | Severe Fatigueg
State 3 Damage
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Additionally, the Steel Section Loss flag isften usedalongside the Steel
Cracking/Fatigue flag in order tdentify the severity of seahn loss in steeinembers
Section loss occursiven astructural member experiences corrosion due to high chloride
content or carbonationThe corrosion causess&ction lossn an areaof the members
design section, which causdbe physical properties of the membeto change
Ultimately the structural integritypecomescompromised andesulting in reduced
capabilities of the structure to perform its original functidmable 2.5 lists the four
condition states associated with the Section Loss defect flag and their corresponding
descriptions

Table 2.5 Condition state definitions for CoRe sectionloss(DelDOT, 2008)(VDOT, 2007)

Section loss has been repaired or cleaned and co
over. No effecton the strength and/or serviceability
of the bridge.

Corrosion has | Section loss exhibits active corrosiddp effecton

Condition | Corrosion has
State 1 been arrested

Cg?;gltazn not been strength and/or s_er\_/iceability of the bridge.
arrested Structural analysis is not yet warranted.
Measurable section loss exists that warrants analy
Condition | Analysis to determine the serviceability of the element or
State 3 Warranted bridge. Check to ensure there is no reduction in

posted capacity.

Load Capacity
Condition | or

State 4 serviceability
affected

Section loss has affected the load carrying capaci
the ability of the bridge to function as intended.
Code this condition state after structural analysis.

For agency defined stdets ofNational Bridge Elements, the agency must be able
to combine theBMEs back into NBE form, in order to maintain compatibility for
submission with the NBI. Théollowing diagram shows how the smart flags and

elemental condition ratings are mapped into thédwal Bridge Elements.
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Condition Condition Condition Condition Condition
State 1 State 2 State 3 State 4 State 5
No Defects No Corrosion Freckled rust Section Loss Operation
. prevalent Capacity is
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National
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Figure 2.5 Mapping of bridge management elements into National Bridge Elements

Since the NBI condition ratings are assigned values on-thadale, the National
Bridge Elementswhich are assigneah a scale of -B or 14, must be traslated back to
this 09 scde. In an effort to reducghe amount oftime agencies spend in this
translation, a computer programng tool known as the NBI translator or BMSNBI, is
used to aggregate the element icsjo@ data to the NBI scal€This tool is built into the
Pontis sygeems, so is automatically computed for Pontis licensed st@itdeerwise state

agencies should read the descriptions between element condition ratings and national
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condition ratings in order to identifyherethe structures condition is best descrilaed
to choose the appropriate rating

To assesdatigue deteriorationof connection plate®n a national scalat is
helpful to look how gusset plates are evaluatedhi national bridge elementssusset
plates are thick plates of steel used to connect beams and girders to columns or to connect
truss members. Because a gusset plate and a connection plate have similarities in
application, it is reasonable to assume the condition states of a gassetquld closely
resemble the condition states of a connection platethe hierarchyof national bridge
elementsKigure2.3), it is seerthatgussetplates are an element that should be inspected
as part of the bridge superstructurelhe condition states for the gusset plate are
summarized iMable2.6.

Table 2.6 Bridge element ondition state definitions (AASHTO, 2010)

Condition State| Condition State| Condition State
Defect 1 2 3

Condition State 4

(good) (fair) (poor) (severe)

. . The condition is
Corrosion None Freckled Rust |Section Loss beyond the limits
Cracking/ |\ o Arrested CracksModerate Crackestablished in the
Fatigue Exist Exist condition state

_ _ three (3) and/or
Connections [Sound Sound Isolated Failuredyarrants a

structural review t
determine the

. , _ , strength or

Load CapacityNo Reduction [No Reduction |No Reduction serviceability of
the element or
bridge.

Cracking/Fatigue is a major consideration in ithegection anevaluation of gusset
plates. Specifically, arrested cracksracks with arrest holes and are no longer growing,
are observed to be in fair conditiomhile moderate cracks, cracksathhave ot been

addressed, are observed to be in poor conditigsing Table2.6 in parallel withTable
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2.7, arrestedcracks are considered condition state 2, wheFatective action may be

required, and moderate cracks are considered condition state 3, which may require

immediate repair or rehabilitah.

Table 2.7 Actions associatedvith bridge element condition state{AASHTO, 2010)

Condition State 1 | Condition State 2 | Condition State 3 | Condition State 4
Do Nothing Do Nothing Do Nothing Do Nothing
Protect Protect Protect Rehab
Repair Replace

Rehab

2.2 Fatigue Failure Mechanics

Failure mechanics describes the pro@sember fails at when subjected to fatigue
(FHWA, 2012) In engineering terms, failure has been traditionally defined as the
condition when an element exceeds or falls below a preddimédstate (Sarja, et al.,
1996) This limit state defines a boundary that once surpassed; a structure would no
longer fulfill its design criteria. In general, imit states may be set as three types:
serviceability limit state (e.g. large deflection and exceeding a code requirement), damage
limit state (e.g. excessive cracking) and ultimate limit state (e.g. collapse and fracture)
(Massarell et al., 2001) The serviceability limit state corresponds to the boundary
beyond which specified service requirements for a structure or structural element are no
longer met. Thus, if a structure has not reached its serviceability limit sestrdbtural
behavior is in compliance with standard criteria values and remains functional to
withhold routine loadingsThe damage limit state descrilteg boundary beyond which
the structure has experienced an intolerable amount of damage. In mtancaés a
crack on a structure may not have an impact on the safety or performance of a structure.

These cracks may be inactive or growing at a slow rate on secondary components. The
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damage limit state sets a boundary for that sets limits for crackasidel®cations.The
ultimate limit state describes the boundary beyond which excessive deformation and/or
collapse may occurThe damage and ultimate limit states are most relevant to the stages

of degradation associated with a structure

2.2.1 Fatigue Life

A structure has reachehke end of itdatigue life whernthe number of load cyclas
is subjected tdnitiate and propagate atigue crack to critical sizegonfronting the
structures limitstate. Wi t hi n a st r uct urctare s cohsideredgias e | i
experiencawo different stagesver two different periods in time

M Crack initiation

1 Crack Propagatio(Fracture Mechanics)

The crack initiation stage describes the time when cracks are just beginning to
initiate from points of stress concentrations in structural det@itece a fatigue crack has
initiated, applied repeated stresses cause propagation, or growth, of a cosskther
section of the membemtil the member is capable of fracturEracture of a member is
the separation of the member into two parts. The fracture-df a a-critiaali neember
may cause a total or partial bridge collaps$eis technically sigificant to consider the
crack initiation and crack propagation stages separately bettejseactical conditions
thathave a large influencen the crack initiation perio@re different from the conditions

that will influence the crackropagatiorperiad (Schijve, 2009)
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Figure 2.6 lllustration of fatigue life concepts

The crack initiation and propagation stages associated with a moment in time
when the structure is undergoing some form of deterioratiothe crack initiatiorstage,
the termfailure is used to describe @gamage limit statei.e. themomentof transition
from crack initiationto crack propagatin. For this stage, failure occurs whan existing
crack reaches predefinedcritical crack sizetypically a microscopic crack that has just
become visible in sizeThe number of cycles required to initiate a fatigue ctacthis
critical crack sizas known as the fatiguerackinitiation life. In the crack propagation
stage failure alsodescribes the moment in time when a crack has reached a critical size
which is more associated with the ultimate limit stai¢ this stage, the number of cycles
to propagate apecific initial crack size to a final crackize is called the fatiguerack
propagation life. The final crack size can be determined from the material fracture
toughness.When a structure has experienced a crack size at the end pbgagation
life the structure is capable of fracture and is also considered to be at the ertdtaf its
fatigue life the sum of the initiation and propagation live®ridge engineers use

estimations of total fatigue life in predicting the performanteteel bridge members
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(FHWA, 2012) Figure 2.6 illustrates the difference between timtiation period and
propagation periods withia structures fatigubfe. Details regarding the fatigue crack
initiation period are discussed @hapter ThreeTheoretical Developmeraf Fatigue
Crack InitiationPeriodand the details regarding the fatigue crack propagation period and
the corresponding three regioare discussed i@hapter FourTheoretical Development

of FatigueCrack GrowthPeriod

2.2.2 Fatigue Life Prediction

There are two major numericaldamage accumulatioapproachegshat can be
integrated together tpredict the fatigue lifeof a structure an empirical correlation
approach,and fracture mechanics approa¢@hen, et al., 2005) The empirical
correlation approach uses a damage parartteécorrelats with laboratory fatigue test
results, and thdatigue life calculation is generally performed with respectitack
initiation. The application of fracture mechanicshiest fit for crack propagation life
since it deals with crack growth

The basis of theempirical correlationapproach is to usa proposedempirical
damage parametelD, that correlats the fatigue life (numberfcstress cycles to failure,
Ng), with the number of stress cycles the structure has endurBide empirical
correlations approach is generally divided into three categories: thelstisess method,
the strainbased method, and the enefipsed method, whestress, strain, or energy is
used as the damage parameter, respect(@@ten, et al., 2005) For any one of these

methods, the damage parameter to fatigue life functions generally takes the form of:

O O 00 (Equation2.1)
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where,; <0, F >0 and a8 H, D O (O is the correspondg value at the
fatigue limit). efficiensF and are evaluated by a best fit technique from experiment
data. Figure2.7 displays a schematic representation of the damage functibguation
3.2. Since the midl800s a stndard approach to fatigue analysis and design has been
through the stressased method, and is the method usmdfatigue assessments of

structural details IRASHTO LRFD Bridge Design Specifications 2012.

F+D,

D=F(N,)*+D,

smooth transition

Damage parameter, D
(log scale)

sharp knee f ™~
no fatigue limit

10° 10" 10° 10° 10° 10 10° 10

Figure 2.7 Schematicplot of damageparameter versusfatigue life curve (Chen, et al., 2005)

2.2.2.1 StressBased Method

The stresdased method currently underlies many fatigue specifications and
remains to be the most widelysed methodn fatigue analysifChen, et al., 2005)
Stressbasedfatigue analysis is used to estimadtetiation of a fatigue crack ima
component under loading due to the uniaxial applied stress. cfBo& initiationis
characterized by the-8 curve, also known as the Wohler curve in honor of August

Wohler who was first to conclude that cyclic stress ranges are the governing parameter on
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fatigue life. SN curves are used to relate the stress range (S) vs. numbedofgo
cycles (n) and ultimately define the fatigue life of the materi&N curvescomprisethe
influence of materialthe geometryof the local structureandthe surface condition.The
stressbased method is most applicable to cases of high cyatudatvhere material

response is mostly elastic.

2.2.2.2 Fracture Mechanics

For many engineering structurése most significant portion of ifatigue lifefalls
within the crack propagation stagewhich is governed by fracture mechanidsracture
mechanicgleals with thespecificconcept within solid mechanics: theatcrack is present
in the structure. For this reason, fracture calculations are typically not performed in
design but are often used in seevito assess a particular def¢Chen, et al., 2014)
Analyses within fracture mechanics seek to find quantitative relations betheerack
length, the crack growtrate through the material typand the stress at which the crack
propagates to cause structural fail(R®ylance, 2001) The use of fracture mechanics in
crackpropagation life prediction has become widesprehdn it became obvious that the
fluctuation of the stress field at the crack tip should control the rate of crackhgrow
(Paris, 1998)

The parameter describing the stress field around the advancing crack tip is an
important component in the fracture mechanics approdttis parameter is referred to
as the stress intensity factoThe stras intensity factor, K, is used in lineglastic
fracture mechanics (LEFM) when the nominal stress versus strain response is essentially
elastic.High-st r engt h structur al materials very of

mean they are necessarbrittle. At the microscopic level, lte ductility of these
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materials means a small plastic zone is created at the crag&ctgpve, 2009) When
plasticity effects are consideredrack growthparametersare conductedhrough an
elastieplastic fracture mechanics (EPFM) analysis, such as the energy release rate by the
J-integralor the Crack Opening Displacement meth&Ince EPFM analyses account for
plasticity and where the crack tip zone is large, then EPFM anatgside better suited

for highly ductile materialsHowever, for smailscale plasticity conditionsuch as those

found in engineering steelEFM analysisthat is corrected for the effect of the small
plastic zone effecoffers the greatest advantagega®ling the correlation of crack
growth datgChen, et al., 2005)

From thequick review on fatigue life prediction modele integration of an
empirical correlation approach together with a fracture mechanics apE®aeh as an
appropriate method to predict the fatigue life of a structural dét&ilformer for crack
initiation life and the latter for crack propagation lifecause of the small stresses
generally present in fatigue problems, the plastic zone atphe tiracks is limited and
LEFM is therefore a useful tool for fatigue crack propagation life predi¢Gten, et al.,

2005) By using these two methodanalysesof fatigue damagessess the onset of
fatigue cracks, the amount of fatigue cracking, the crack length, and crack growth rates

until the ultimate limit state is reached.
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2.3 Role of Sructural Health Monitoring in Failure Mechanics

Various approaches for obtaining reliabdéormation on fatigue loading have been
developed through the use of structural health monitorBiguctural health monitoring
(SHM) uses sensing instrumentation to observe and monitor the response of a system
over a period of time using sampled dynammeasurements from a sensor or from an
array of sensors. A SHM system serves the role of detecting damage in civil
infrastructure and statistical analysis of these features determinesp#rational
condition and durability Numerous SHM methodologiesgchniques, hardware and
software have been developed ard utilized to achieve different bridgmanagement
goals,such ago increase safetjAlampallia, et al., 2008)

SHM technologies used in bridges provide accurigie fneasurements because no
assumptions need to be made for uncertainties. Thus, the masatacmethod for
assessing the dynamic effects from traffic loadghe bridge is to use sensors to measure
the stress in identified fatigeaitical members. The effects of varying vehicle weights
and their sporadic combinations are reflected in the sensor data. This data is used to

perform assessments of the structsiremaining useful life.

2.4 SHM Paired with Condition Assessments

For accurate condition asses me nt ABAdR HE[Enehtdnspection Manual
2010 encourages nedestructive testing results to be taken into consideration in the
condition assessmentsMany states currently use some faestructive evaluation
(NDE) methods in their condition ratirmgsessments. The NDE methods are limited to a
shortterm SHM system that is temporarily installed, records live load responses, and is

then removedBDI, 2014) The primary purpose of shaggrm monitoring is to obtain
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quick and valuable assessments of -erymg ruct u

capacity. However, the methods used are not loeign structural health monitoring

met hods and provide only | i miWrlasharttersmi g ht
testing can be used to assess the performance of structural components under applied
loading, structural damage is rarely caused by the stresses exceeding those predicted by
design. Damage frorfatigue occurs from the repetition of repeated loads thataare

below the strength of the structure. Furthermore, the fracturing of materials before
plastic deformation is visible (aka brittle fracture), due to fatigue cracking, is ahe of

most common causes of stéeidge components failurgXia, et al., 2005) In order to
observe continuously stressed bridges that are subject to fatigue loadgeriong
monitoring should be used. Lotgm monitoring refers to the installation of a SHM
system that will remainni place for weeks, months, or years and automatically collects
and stores datéBDI, 2014) Thus, a longerm SHM system gathers redahe and
accurate measurements of a structures behavior under various environmental agd loadi
conditions andprovides a much needed insight into the cumulative damage and
degradation of strength within a structure. This insight can be used with element

condition evaluations.
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Chapter Three: Theoretical Developmentof Fatigue Crack Initiation
Period

The crack initiation periodsdescribes the time when cracks are just beginning to
initiate from points of stress conceations in structural details.The occurrence of
fatigue cracks within the crack initiation periodnsst often described a8 —mat er i al
surface p [Sehijve, m2000a | An initial microscopic crack grows a
microscopicallysmall amount in size eachmie a load is applied. Starting with an
inclusion in the material, theaxk growth rate islow andthe initiation period may cover
a significant part of the fatigue lifeCrack gowth occus at the crack front andhe
failure point in the fatiguerackinitiation life occurs when a fatigue crack becomes large
enough in sizéhat it isconsidered a macro crack; ofteisible to the human eydrigure
3.1 displays an illustration of the fatigteeackinitiation life. Ultimately, the fatigue
crackinitiation life of a steel structure overnedoy three factor¢Mertz, 2012)

1) The number oloadingcyclesto which the member is subjected
2) The type of detail under examination

3) The stress range at the locatmfrthe detail

Cumulative Damage
Flaw size, a

Time

Initiation Period;

|
|
|
|
i
}
|
)
Figure 3.1 lllustration of f atigue-crack-initiation life
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3.1 Crack Initiation

Fatigue crack initiation and crack growth are consequences of cyclic slip. Cyclic
slip occurs withdislocation activies, which is a typeof plastic deformation.Because
material fatigue transpires astress amplitudes below the yield stregse cyclic slip
develops agrains in the material surfacelThe surface is more susceptible to damage
because it is exposed the environment it is less constrained by surrounding material; as
opposed to subsurface grains. Therefore, much lower stress amplitudes are needed for

cyclic slip to occur at the surface thamywhere else in the mater{&chijve, 2009)

Figure 3.2 Development of cyclic slip bands and a microcrackSchijve, 2009)

A surface crack that is just beginning to develop as a result of cyclic slip is also
known as a microcrack. A microcrack can occur from a single load cycle that creates a
tiny imperfectionin the material. As the material continues to experience reaagurr
load cycles the crack growsypically a crack grows perpendicular to tie@sile stresses
or load direction The crack growth rate is measured as the crack length increment per
loading cycle. Initially, the crack growth rate will be dictated by therrounding grain

boundary. For instance, the penetration growth rate of the crack in the material decrease
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when the crack tip approaches the first grain boundary. After penetrating through the
first grain boundary the crack growth rate increased throwigthe next grain, but it
decreased when approaching the second grain bou(®aryve, 2009) The illustration

of a crack penetrating a material is provide&igure3.3.

Free Surface
// 15t Grain boundary

/ 2 Grain boundary

Figure 3.3 Surface crack penetrating grain boundariegSchijve, 2009)

Once the crack has penetrated throaghubstantial number of grains, the crack
growth is a different picture. The crack can no longer grow in each grain in an arbitrary
direction and cannot continue to grow at any rate independent of crack growth in adjacent
grains. Rather, as the numbef grains becomes sufficiently large;ack growth occurs
as a continuouprocess along the crack front. The crack growth is #gmoximated as
a continuous line with serdlliptical shape (illustrated ifrigure 3.4). The surface
aspects are no longer relevant ane track growth rate will be dependent on the crack
growth resistance of the material; the crack growthadamger a surface phenomenon.

This portion & crack growth behavior is discussed furtheCimapter Four
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crack front

Figure 3.4 Elliptical crack front as crack passes through naultiple grains

3.1.1 Defectsin Fabricated Steel Structures

Cracks not only occur on a material surface from repeated loads, but they also
develop from material defects which should not be present, such assdefactvelded
joint. Figure3.5 provides an illustration and nomenclature of a typical fillet weld, where
thes t r u cgeametey isspositioned with transverseyussetand longitudinal plate.
This geometry is characteristic for connections plagessetsyeb stiffenersand other
similar element®n bridges. There ardive main partgo eachfillet weld, the face,root,
toe, leg and throat.The face of the weld is the outer portion of the weld that you see
when looking at a fillet weld. The root of the weld is the point of deepest penetration that
is the opposite angle from the face. The legs are the width and height of the fillet weld.

The throat is the distance from the center of the face to the root of the weld.
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Figure 3.5 Nomenclature of fillet welds

Fillet weld sizes determine the theoretical throat of the weld a b e | e dFiger§ h e o r .
3.5. However, due to conservative design approaches, full penetrations at the weld root is
has become typical design for fillet welded ass@émsblnd the actual throat is measured
by the distance from the depth of penetration to the face of the weld conjdaxitsch,
1993) Penetration requirements for a fillet weld can be as high as 25 to 50 percent of the
thickness of the base mef{&AA, 2008)

With a transverse gusset welded to a longitudinal plate, the toe of ithdomras a
sharp angle at the weld periphery between the weld and the face of the gusset. This
createsa line of devated tension where fatigue cracking can start fliogsmall, sharp
discontinuitiesMertz, 2012) Nonethelesshe preferred craekitiation sites are at the
toe and the root of the welds, labeled as, I, Il, and IHigure3.5. More detailabout the

cracking with fillet welds is provided in sectidnl.2Cracks on Welded Structures
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The quality of the weld is determined by the weld defedisst data on welded
detals have shown that all fatigue cracks begin at the weld periphery or from some initial
discontinuity in the weld.The kinds of defects that may occur in a welded joint include
partial penetration undercut or micro flaws at the weld tdack of fusion,porosity
(gases in the unfused area expanding and getting trapped in the solidifying weld),
inclusionssuch as slagand starstop locationgrom welding repair oarc strikeqMertz,

2012) While fabricators attempt to minimize these defects, due to the welding process
itself, it is impractical and not economically possible to eliminate thdfigure 3.6
displays an illustration the typical defects in a welded joitie lack of penetration of a

weld is the most serious weld defect, especially under tension ldadsdefect can grow
relatively large in size and acts similar to a surfe@xk. A weld undercut is another
serious defect, especially if the profile is sharp at the bottom of the undesoute
cracks begin at sharprofiles these undercuts can Wetspotsfor crack initiation
(Schijve, 2009) Even if an undercut is not present, the transition of the excess weld
material to the base material still provides an area for stress concentration at the weld toe
Porosity and slag inclusions can also cause serious defects for crack initiation. Slag
inclusions are usually more damaging than porosity, because the shape of these

inclusions can create sharp profiles in the weld.
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Figure 3.6 lllustration and terms of possible weld defects

The most critical conditions for crack initiation at structural details are those
combining, high stress concentrations due to flaws, high stress concentrations due to
connection details, and high stress concentrations due tof-plene distortions. The
welding process itself introduces high stress concentrations due to tihemsébrmation
from the melting temperature of theveld materialwhen the weld is first applied and it
cools to outside temperatureWhile the welding material attempts to cowtrat is
restrained by the steel plates, introducing residual stresses with residual tensile stresses in
the weld direction.Upon loading, the residual stresses are more likely to induce fatigue
crack initiation either at the ripples of the weld or mtbtlefects.

Figure 3.7 andFigure 3.8 show the establishment of fatigue cracks due to porosity
in the welds. In cases with xernal defects, data shows that as much as 80% of the
fatigue life has been consumed from crack initiation to an observable crack size at the

surface(Mertz, 2012)
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Figure 3.8 Fatigue crack enlarged to three ended crack from internal porosity (Mertz, 2012)
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Figure 3.9 Fracture surface of cross section(Mertz, 2012)

Steel structures that are fabricated by welding contain "residual” or "lacked
stresses that are a censence of the welding processThese have considerable

influence on the initiation and expansion of fatigue cracks.

3.2 Load-Induced Fatiguefrom Variable -Amplitude Loading

When evaluating bridges for fatigue damaties loading conditions are essential
impacts on thetructuresservice life soit is necessary to accurately determine the effects
from traffic loads. The most accurate method dssessing these effects is to directly
measure the loads in identified fatigue critical members using structural health
monitoring(SHM). A SHM system that is set up for logrm monitoring gathers real
time measurements of a structures behavior umddous environmental and loading

conditions. Compared with analytical methoder damage assessmenfgld strain
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measurement is most accurate since no assumptions need to be made for uncertainties in
load distribution such as unintended compositéon between structural components,
contribution of nonstructural members, stiffness of carious connections, and behavior of
concrete deck in tensiofZzhou, 2006) Implementation of strain gauges captures the

effects of varing vehicle weights and their random combinations in multiple lanes.

3.2.1 Strain Gage Analysis

The electrical resistance strain gage is the most frequentlysessdr for acquiring
strain data and conducting strain analydtikey, 205). An electrical resistance strain
gage is a strairsensing element made of multiple metal foil loops thatcalibrated to
measure strain along the axis of the stramegiee. axial strain The gage operates on the
principle that the electréd resistance of metal wire varies with strain. The fractional
change in resistanc®) per strain {), where- Y0¥, is known as the sensitivityS)
of the metal that the strain gage is made frdmorder for a strain gage to be used as a
practial instrument, a strain gage should have the sensitivity to measure extremely small
changes in the resistance of a wire with high accuiéagphaldt, 2006)

The strain measurements are made by bondingtth&ngage to the surte of the
specimerunder test and by sensing voltage changatsabcur when the resistance of the
metal foil loops change The circuitryused to measure the voltage changes across the
resistance gagds known as a Wheatstone bridg@&he circuit of a basic Wheatstone
bridge is displayed ifrigure 3.10, whereOis the current across ABCQOis the current
across ADC, andy, Y, Y, and’Y are the four resistors that make up a-fuildge

configuration
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Figure 3.10 Circuit of Wheatstone Bridge
The changes in resistance of the sensing elements in the Wheatstone bridge result in
a bridge outputoltage that is mpotional to the strain the material is experiencinghat
is, the measured output volta@¥0) of the bridge scales with the excitation voltagée

voltage differencacross the Wheatstone bridgmvedfrom:

% ———— Volts (Equation3.1)

The measured strains reflect the actual load distribution in the particular member of

the structure where the strain gauge is placed.

3.2.2 Strain Data Acquisition
The acquired strain data on bridge elements is referred to as the load spectrum. The
load spectrum gives information about the lbiatk history of the specific structural
element that is being monitored. The load spectrum is made up of multiple gtiess c

that correspond to the loading that is applidthe fatiguecrackinitiation life is defined
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as the number of stress cycles bhin a load historyo grow a crack to a specific crack
size(aqit). The number of stress cycles is proportionah® number of trucks that cross
the bridge during its service lifeHeavier vehicles, typically trucks, create the largest
stress cycles. The number sifesscycles a bridgeexperiencess relatve to the age,
location and span configuration of the struct{ifidWA, 2012)

The most significant points ia stress cyclare the maximums and minimums,
which are characterized by the stress rangelarye stress rangesydic slip occurs in
the material, either at the material surface of in the crack tip plastiq3ohgve, 2009)
Thus, the accumulation of larger stress ranges at a faster rate of occurrence will result in a
shorter fatigueile. Every stresscycle in a load history can be described by several
parameters, including the stress amplitugle),(the mean stress, (), the maximum
stress ( ), the minimum stress,( ), and more commonly the stress rarfije).
Stres range is defined as the algebraic difference between the maximum stress and the

minimum stress:

YA K A (Equation3.2)

From a fatigue mechanistic point of viey, and, are the more important
parameters because they will describe the stress levels at which the loading is reversed;
which means cyclic slip is also reverg&thijve, 2009) These parameters are illustrated
in Figure 3.11 and Figure 3.12 for two different loading typesconstant amplitude

loadingandvariable amplitude lading.
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Figure 3.11 lllustration of stress range and associated variabler CAFL

A load spectrum for fatigueutputs twodifferent patterns of load history: constant
amplitude fatigue loading (CAFL) and variable amplitude fatigue loading (VAFL).
Constant amplitude fatigue loading associated with structures that axgbjected to a
cyclic loadingand have aconstant ampiude responseand constant mean loadA
sinusoidal curve, such as the oneHigure 3.11, is a typical example of a constant
amplitude fatigue load. Variable amplituti¢igueloadings possess a more complicated
load spectrum than constant amplitude loadingBe loading is spadic and one stress

cycle may be composed of different maximum and minimums.
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Figure 3.12 lllustration of stress range and associate¢ariables within VAFL
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In order to accurately characterize load his®rthe content of a measured signal
should be summarized and quantified in a meaningful way. Methods to help summarize
the data and identify the fatigue relevant events within a complex load history are
referred to asounting methodsCounting methodsely on thematerials stress and strain
response to applied loads order to illustrate theundamentatonceptdehind counting
methods the stresstrain relationships for a specimen undergoing tensile and

compression tests are illustrateBif.3StressStrain Relationships

3.2.3 StressStrain Relationships
Stressstrain curves are deed from loading tests and provide insight into a

speci men’s mechani c adtrainpcunepisfound By sapplying @arh e st
increasing uniaxial load to a specimen, while simultaneously recording the elongation.
Thus, stresstrain curves displathe amount of deformation (strain) at distinct intervals

of loading (stress). A typical stresgain curve for an engineering tension test is

provided inFigure3.13.

o=F/A
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0 e = AlJL

v

Figure 3.13 Engineering stressstrain curve

46



The stresstrain curve is divided into three regions, broken up by points 1, 2, and 3.
Point 1 represents the proportional limit, also referred tthaslastic limit. From the
origin to point 1, the specimen experiences uniform straining, where stress and strain are
l'inearly related. Thi s | i neadinst ordee linear i o n

approxi mation of an ednapliedforcebody’ s r eal

A xR (Equation3.3)

Where, A is stressris strain anckE is the modulus of elasticity. Upon reaching the
elastic limit, the material will no longer go back to its original shape once a load is
removed. Frompoint 1 to point Zhe curvethe material is partly elastic and partly plastic
in behavior. While thisis still considered uniform straining, the stress and strain are no
longer linearly related. Point 2 represents the offset yield strength, the point where
plastic deformation begins, i.e. permanent str&mce it is often difficult to pinpoint the
exact stress at which plastic deformation begins, the yield stress is often taken to be the
stressneeded to induce a specified amount of permanent strain, typically radb
(Roylance, 2001)To find the corresponding offsgield stress, a line with slopg is
drawn from the strain axis (& 1@ P and runs parallel to the initial elastic loading
line. The intersection point (Point 2) of this line and the stssén curve is the offset
yield stress. Point 3 correspontts the maximum tensile stress the specimen can
withstand. Beyond this point, the specimen experiencesiniorm straining, i.e. plastic
deformation, until it ultimately fractures; the end point of the graph.

The stresstrain curve inFigure 3.13 displays the relationship between stress and

strain for a specimen under the loading of tensile stress. When the tension load is
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released from the specimen and therppéad, the specimen once again experiences

elastic behavior before entering any region of plasticity; illustrat&agure 3.14.

A

B B’

o=F/A

L ¢ —
O e=Al/L € ¢

Figure 3.14 Loading and unloading on a stress strain specimen

In this figure, A represents the elastic behavior of the material, the same behavior

illustrated in the generic engineering stresgin curve,Figure 3.13. The material is

loaded to point B, at which point the specimen is unloaded until point C where it no

longer has an applied load. The unloading from poir® Bllows the same slope as 0
A, revealing that the specimen has retained its mechanical pespefhe specimen is

reloaded from point C, and experiences both elastic deformation and -plastic

def ormation until it reaches point B’, wh e
rejoins the original curve because it had already expe&tiesome permanent strain at
point C. From B’ the specimen continues

ultimate tensile strength and fracture occurs.
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g=F/A

E E
E E
0 e=Al/L e =Al/L
Figure 3.15 Tension and compression loading Figure 3.16 Complete stressstrain
on specimen hysteresis

Figure3.13 andFigure3.14 illustrate the stresstrain behavior of a specimen under
tension loads. However, a specimen subjected tigufa loads would undergo both
tension and compression loadinggrigure 3.15 illustrates the stresstrain curve a
specimen that was subjected to tensloads, was unloaded, and then subjected to a
compression load of the same magnitude as the tension load. When the specimen is
subjected to a complete cycle of loading and unloading with both tension and
compression forces the result is a st&sain hysteresis. The loading and unloading
effect demonstrated through the streBain hysteresis is a linear problem and the
relationship between stress and Bquatiomi n i
3.3. As seen in the hysteresis iRiqure 3.16), the material properties, i.e. Youngs
ModulusE, will beconsistent even though some deformation is understood to have taken
place. A stressstrain hysteresis is also associated with energy dissipation and fatigue
damagegLee, et al., 2012)where the enclosed area of the hysteresrresponds to the

energy dissipated in the loading cycle.
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3.2.4 Rainflow Cycle Counting

There are various methods for counting the stress cycles within a loading history.
However, the rainflow cycle counting methodrecognized as the most accurate and
substantial way of representing variable amplitude load{&pantz, 2010)and is
preferred for statistical analysis of letithe histories. In the rainflow counting method,
each cycle in the load spectrum is associated with a closed-sass hysteresis.
Consider the stress and strain time historiégufe 3.17 and Figure 3.18) and the
corresponding hysteresis respornsigre3.19). InFigure3.17 andFigure3.18, the blue
line represents the loading of the applied stress ancethkne represents the unloading
of the applied stress. The stradmin hysteresis is formed by plotting the stress and
strain points on the same graph.

e(t) 5

-0.05-0.04 -0.03 -0.02-0.01 0 0.01 0.02 0.03 0.04 0.05

a(t)

10

Figure 3.17 Sample ofvariable amplitude strain Figure 3.18 Sample ofvariable amplitude stress
data data
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Figure 3.19 Hysteresis loopto stress data(Lee, et al., 2012)
The rainflow counting method is used to identify these hystecgslseswithin the
load spectrum.The —r ainfl owl analogy is derived f
the flow of rain falling on a pagoda and running down the edges of the Thefanalysis
is startedby rotating a time history of strain clockwise by’%® the resulting shape is
imaged to form a series of rooftops of the pagoHire 3.20). Next, a raindrop will
drop from one rooftop to the next, being limited by only two restrictions:

1. A raindop must stop flowing when it passes peak of the same sense
(pointing in a different directioniinless it is ocequalor greater amplitude
than the peakom which the drop originated

2. A raindrop may not flow in any section of a rooftop where a previous

raindrop had flowedManson, et al., 2006)
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Figure 3.20 Rainflow cycle counting on the load history

For the examplén Figure 3.20, begin by identifyinghe first largest reversal, AD.
Starting with point A in the rain flows to B ardlls alongsegmentCD where it drops
and stops (Rule #1)Next, araindrop is startect B and flowstowards C, falls onto
segmenDE where it drops and stogRule #). Then, a raindrop is started from C and
flows toward D, but is stopped because it encounters a previous flow (Rule #2). To
resume, the flow begins at D affals to E, however this is also stopped because it
encounters a previous flow (Rule #2Jhe rain then flows from E to F where it drops
onto GH and drops and stoflRule #1). Next, the raindrop starts at F and falls to G,
where it drops to segment HI and then drops and stops again (Rule #1). Finally a
raindrop starting at G and falling to H encounters a previous flow; and the same with a
raindrop starting at H and falling to | (Ru#2).

Rainflow counting method is advantageous to other range counting methods

because ibffers realistic counting results whipeesering the amplitudes ofhe acquired
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stressranges. Since fatigue dantge is related tdhesestressranges maintainng ther
amplitudesis significant; especiallythe larger ranges where tees likely to be greater
fatigue damage The rainflow counting methothaintains thee larger stress rangeby
counting thantermediate smaller ranges separatétgr instance,n Figure3.21, asmall
load variation BC, occurswithin the larger range, B. Range ADis counted as a

separate cycle and then removed from the major. load

D +3
B
= — + ‘ Z
C Pis2
A

Figure 3.21 lllustration of rainflow counting on stress cycle(Schijve, 2009)

The rainflow counting continues to remove the smaller cycles, until only larger
ranges are left. 'hs e remai ning ranges are known as
cycles is found inFigure 3.22. The successive graphs from (a) to (d) illustrate the
removal of smber load cycles in a loatime history. In each step, the cycles of a certain
range are counted and then removed from the-tioael historyfrom a straight line that
connects the gapln an ascending load rangbletalgorithm for counting and removing a

small range from a larger rangeg(&chijve, 2009)

0 0 andd 0 (Equation3.4)
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Likewise, n adescending load range, the algorithm for counting and removing a

small range from a larger rangg&chijve, 2009)

0 0 andd 0 (Equation3.5)

5 small cycles counted

3 cycles counted

2 cycles counted

(d)

residue

Figure 3.22 Successiveainflow counts (Schijve, 2009)
Ultimately the rainflow counts are stored into a maivixere the data is later used

to make histogramandor otherstatistical representations.

3.2.5 Stress RangeHistograms
After cycle counting methods are applied, the stress range cycles are stored into a
histogram, where the individual bins that reflect the number of cycles for the relative

stress rangeA measured htsgram is shown ifrigure3.23.
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Figure 3.23 Histogram that reflects the frequency of measured stress ranges
Histograms provide graphical representation of the distribution of data. They can be
used to estimate the probability density functioa. the likelihood that a variable will
take on a given value Histograms are often considered to be simple kereakity
estimations, and can be fit with a kernel functionrtmsth frequencies over the bins, as
shown inFigure 3.24. Since the kernel function will smooth theduencies over the

bins, it will usually more accurately reflect the distribution.
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Figure 3.24 Kernel density fit to histogram

3.2.6 Extrapolation of Load Histories

The variable amplitude loads acquired frtime traffic dataare also referred to as
stochastic loads aandom loads. They are statistical in nature and cannot be predicted to
occur within a certain magnitude at any given momeéntescription of stochastic loads
can be achieved using statistiadiktributions that assiga probability that a particular
load will occur In many cases the statistical properties of stochastic loads are not very
well known, although longerm measurements provide useful diatafatigue analysis
(Schijve, 2009)

The data acquired from long term monitoring is the most accwaeof obtaining
information about a bridgeince no assumptions need to be made for uncertainties in the

load distribution While longterm monitoring may be theptimal solution to acquiring
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data that accurately reflects to bridge behavioremainsdifficult to continuously
acquire accurate data. This interruption in the continuous acquisition generates
uncertainties in future traffic loads. Acquisition aitd may belisruptedwhen sensors
experiencetemperature fluctuations causing them to operate incorrectly and data
acquisition systems may require large amounts of power and would stop functioning
during instances of power outageSurthermore, the pernggns from bridge owners to
implement instrumentation may only be temporary and not a long enough time period to
capture changes in behavior and conditions. While the service life of a structure is
approximately 75 years, structural health monitoringrumsentation is not designed to

—s et 1t .l n cdcdunt fogtleese short time signals or interruptions, it has been
customaryin traditional method$o use a measured load history amehply repeat the

load block. However, thimethodhas the dawback that only the cycles in the measured
signal will appear in the extrapolation, even though other cycles are possible
(Johannesson, 2006)

Nevertheless, lonterm monitoring provides a long loatime history with
stationary character; resembled in the histogram of the stress ranges vs. the number of
cycles. This data can be fit with exceeding probability curve tlisat lshs a stationary
character. In statistical terms, theurve that fits thénistogramdistribution becomesn
estimate of the probability function tfe occurrence of peak values. Statistical methods
can be used to extrapolate the measured load history and caacatamt for load
variability by captuing more extreme cycles than the observed es/elhile remaining

within a reasonable range of possibly measured loads.
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3.2.6.1 Statistical Extreme Value Theory

The statistical extreme value theory can be used to make statistical inferences about
extreme values in a population or a random pro@@ssison, et al., 1990) Thus, the
method can be used to randomly generate extrapolated load blocks by modifying the
highest maxima and lowest minima in previously measured load blocks. Only the
extreme values over previoustlefined max threshold and min threshold levels are
modeled. By only considering the excesses over these threshold levels, then under
certain conditions these excesses approximately follow an exponential distribution that is
representative of the measurdn® data. This method of extrapolation is applicable to
fatigue dataand can be done ithe rainflow domain. While metal fatigue analysis is
sometimes characterized in the time domain since it identifies occurrences of specific
—e v e nt s l-time sguence,(Sbaatd, 201Q)the rainflow domain method is well
adopted for really long extrapolations of the spectrum, whereas the time domain method
is computationally more demanding. Both types of extrapolations have provereto g
similar results for fatigue loading exampldshannesson, 2006)

In order to calculate the number of stress cycles the structural component has
experienced, the acquired strain measurements from structural health mordgi@ring
processed and analyzed through the rainflow cycle method. These strain measurements
are often discretized to a certain number of load levels, which enablesrgasized
storage of the density of rainflow cycles in the form of a rainflow matrixch B&n of the
rainflow matrix contains the number of cycles for that relative range.

Using the theory of statistical extreme values, the rainflow matrix is extrapolated to

estimate data that was not captured in the observed dataobtain the resultior the
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rainfow matrix, the equivalencdetween counting rainflow cycles and counting
crossings of intervals is usédohannesson, 2006) Since the number of peaks

is equal tathe number opeaks at the@receding intervale minusthe numier

of positive level crossingst | about that leve(Equation3.6), the rainflow matrix

can be derived &m a peak counting resiPotter, et al., 1989)
€ r € i € (Equation3.6)

The technique used for extrapolating the rainflow matrix is Peak Over
Threshold(POT) technique. In this method, only the extreme excesses over a threshold
level, u, are modeled. In accordance with this technique, when a high enough threshold
level is set in place, then under certain conditions these excesses approximately follow an
exponential distributioitJohannesson, 2005Exponential distributions are based on the
Poisson process, which describes the occurrenceorok gandom events that occur
continuously in time or spagéyyub, 2003) The approximation of for the excess is
described asy - A@O N %@B where @ = mean excesses over and the

cumulative distribution function for aaxponential distribution:

2 o
oca p A@b a (Equation3.7)

The estimation of the parameter (mean excesses) in the exponential distribution is

the mean of the excesses in the measured data:

. p
a -
V]

o (Equation3.8)
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The mean of each hqum, across the measuragleekdays was used for the
exponential probability densitywhere N =Number of cycles in that specific howr=

correspondingtress rangeffiliated with theeach stress cycle.

3.2.6.2 Analytical procedure for extrapolation

The algorithm for extrapolating the rainflow matrix is described below, with additional
details in thesubsequent sections.

Algorithm

The generation of thextrapolated data was performed using the following steps:

1) Start with a time signal of raw data acquired from strain gauge

2) Convert data to stress and detrend the data if necessary

3) Extract the turning points of the time signal

4) Count the number aftresscycles using rainflow counting methoahd remove
small (considered negligible) cyclesth rainflow filter. As discussed earlier, a
value of 1ksi is used.

5) Choose threshold levelg,Hand yaxfor the extrapolation. These choice are
defined later.

6) Chaose interval values for splitting exponential distribution. This is discussed
later.

7) Count the number of measured stregdeswithin each interval.

8) Average the number of stress ranges across each hour of the day for the measured
data. Do this for eachinterval.

9) Estimate the mean excessesdand mnaxunder and over the thresholdgiand
Umax respectivelyCan also be considered as estimating the mean stress ranges.

10)Generate the extrapolated load block by simulating stress ranges as exponential
random numbers. Replace each measured stress range with a simulated stress
range for each load block.

11) Repeat step 9 for the computed average number of stress ranges for each hour of
the day (Step 7) until the number of load blocks desired is extrapolated.

12) Repeat steps 9 and 10 for each defined interval
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The completed extrapolated signal is obtained by concatenatimgitifiew cycles
and creating a rainflow matrix. These cycles are then used with the AASHYO S
diagrams.

Threshold Levels

It is customary to remove small oscillations that do not contribute to fatigue
damage. Further, the stress ranges caused from smaller vehicles are often considered
negligible compared to trucks. This is not only established in AASHTO design guideline
(AASHTO, 2002) but the NCHRP Reportatigue Evaluation of Stedridges also
paysdi stinct attention to truck | oads when ¢
effective stress range shall be estimated as either theuredastress range or a
calculated stress range value determined by using a fatigue truck as specified in the
AASHTO LRFD Bridge Design SpecificatioB012 (NCHRP, 2012) i Because of
significance of truck loads compared wgmaller vehicular passages, it has been the
rational for neglecting stress cycles below 1 (kdassarelli, et al., 2001) This rationale
has also been adopted for this analysis and the minimum threshold level is set to 1 ksi.

The maximum stress range of the measured data is useful for determining the max
threshold level. This value is not taken verbatim as the max threshold value because it is
believed that other stress ranges may occur on the structure and the monitsromgywa
done for a finite time period of the structures life. Therefore, a default choice is to set the

threshold range to 5% of the total range of the siglalannesson, 2006)

0 p8t LY (Equation3.9)

This range is observed to be reasonable after empirical investigation shows it agrees

well with themeasuredioad spectrum
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Interval Values

Interval values are chosen in order to separate thpantg between the stress
cycles caused by smalleraffic loads é.g. vehicular passageand the stress cycles
caused between the medium and large truck lo&ttgure 3.25 illustrates how the stress
cycles are allocated to different interval levels. Eacterval of stress ranges

approximatelyfollows an exponential distribution.
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Figure 3.25 Allocation of stress ranges into specific intervals

It is important to verify the exponential assumptions are fulfilled for the interval
levels. At the beginning of the extrapolation process, careful consideration is given to
determining where the exfralation of exponential random numbers will begin for each
interval level. These levels should be chosen to accounkfative stress rangesf
measured data and should be visually inspected with histograms in order to assure the
statistical extreme vaé theory provides reasonable results. As seéigure 3.26, the

interval levels are cut off where there is large disparity in the exponential plbes.
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intervak chosen from the measured data were configured to stress ranges starting at 3ksi

and stress ranges starting at 10.4 ksi.

x 10°

Number Of Cycles

0 5 10 15 20 25
Stress Ranges (ksi)

Figure 3.26 Traffic load distribution as histogram
The measured rainflow histognais fitted by three probability density functions.
Each density function is assigned to a vehicle type. Density function 1 describes the
probability of occurrence of cars, function 2 of light or empty trucks and function 3
represents ordinary and heatryicks (Peil, 2005) Figure 3.27 illustrates how the

exponential distribution functions are fit to the histograms.
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Figure 3.27 Exponential distribution fit to histogram

3.3 Crack-Initiation Life Prediction
The SN curve is typically generated in the laboratory on test specimens, where a

testing machine applies a constant sinusoidal s{oesstant amplitude)S, and counts

the number of cyclesy, until failure, N;. As discissed in Chapter Two, failure is defined

at the initiation of a crack that is of a critical sizentil the onset of this fatigue crack,

the specimen can be characterizedh®yamount of current fatigue damageerms of its
fatigue life So thespecimen may be at x% of its fatigue Jiter the specimen can be
classified to have (108)% remaining useful life This damage may not be visible upon

inspection, but is definitely still present in the material.
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3.3.1 Linear Cumulative DamageRule
A specme nfatiguelife is basedon the laboratory test specimehsit are used to
develop the SN curves. Thus, the fatigue damaggdefined as the cycle ratin/N;, seen

in Equation3.10:

p (Equation3.10)

C:| —

The simplicity of this linear cumulative damage model, which is more generally
known asthe Miner rule, works best under constant amplitude loadisigce it was
derived from test specimens exposed to constant amplitude IBadsariable amplitude
loadings,the Miner ruleis still applied but is modifiedto account for the variance in
stress amplitudes anidle number of cyclesorresponding to these ariptes Consider
the simple variable amplitude loathde up of two load blockpresented ifrigure 3.28.
This load block is commonly referredtoas —Hi Loll | oad sequence s

from a higher stress range to a smaller one.

WA
P

Figure 3.28 Variable amplitude loading with two blocks of load cyclegSchijve, 2009)
Fromthe two load blockghe Miner rule impliescrack initiationfailure occurs at,
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pnmp (Equation3.11)

Wherel is the number of cycles at andl is the number of cycles at . .
and. represent the fatigue lifes at the correspond stress amplitudesnufiple load

blocks (i), the equation is written as,

p (Equation3.12)

C=| i

Since the hypothesis that the Minerde can be applied to variable amplitude
(VA) loads numerous VA fatigue tests were carried out to check the hypothesis. In
many cases, significant discrepancies were found and new theories and hypotheses were
published. However, these proceeding higpes were found to have timeown
discrepancies as wealnd lacked sufficient credibilityMiner did his own VAload tests
and foundcycle ratio valuesRl 70) varying from 0.61 to 1.45; reasonably close to an
average of 1.QSchjve, 2009) Thus, he Miner rule has remaga the most widely used
tool for fatigue life estimates with variable amplitude load$onetheless, due to the
inconsistencieand variation of resultsom variable amplitude testthe shortcomings of

therule should be understood in order to arrive at a reasonable fatigue life estimate

3.3.1.1 Shortcomingsof the Miner Rule

When fatigue life predictions are madsing a variable amplitude load spectrum
with the Miner rule, it should be realized that the résuilave inherent assumptions and
only provide a rough estimate of a structures fatigue [ifee fundamental shortcoming
of the Miner rule is that fatigue damage is indicated by a single parameter onlyi,e.

which accumulates from zero (pristine sipgen) to 1 (failure)(Schijve, 2009) The
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Miner rule can be broken ia three differentopicsthatare notrecognizedn the Miner
rule and are the largest deficiencoéshe model:

1 Small cyclegwith an amplitude below thiatigue limit) are not damaging
1 Sequencingf stress cycles is not accounted for
1 The crack length at failure

The Miner rule does not account for cycles below the fatigue limit

This first assumption of the Minewule is inconsistent with the definition of fatigue,
i.e. the initiation and propagation of microscopic cracks into macro cracks by the
repeated application of loadir{gisher, et al., 1998)The inconsistency relies in the fact
that the SN curves were not developed based on the existence of crack. These curves
were developed to understand the number of cycles a structure can withstand before a
crack of critical size will develop in the materiddcusing on what has become knoas
just thefatiguecrackinitiation life.

Consider the load spectrumhigure3.28. In accordance with the miner rulé,,i
is below the fatigue limit, theé is infinite and { 70 m). The specimen will never
fail because the conditioBl 70 =1 (Equation3.1) cannot be satisfied. Thaherent
assumptiornof the rule isthat the cycles wittan amplitudeof , cannot propagate a
growing crack. This assumptin was first made whethe Miner rule was developed for
constant amplitude loading. With CA loads, the small load cycles below the fatigue limit
wi || not be enough to create a <crack, whi
However, due to the sporadnature of variable amplitude loads, a structure may have a
much different responsef-or variable amplitude loads, once a crack exists, any loading

or stress ranges will have an impact on the damagm if they are below a predefined
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fatigue limit This leads into the next shortcoming of the Miner rule, which is the effect
the sequence of loads will have on a structure.

Miner rule does not acount for the sequence effect

The significance of the fatigue damage contributionighly dependent on the type
of load spectrum.Consider the scenario where a microcrack does not initially exist in a
structure. For the first load spectrum, the structure experiences a LoHi VA load sequence
illustrated inFigure 3.29a. If the first load block of smaller stredsadsfalls below the
fatigue limit, then these cycles will not create a cradnetheless contribute to the crack

growthat the microcrack level.

stress stress
n2 cycles same n2 cycles
L -
¢ failure
A :
» failure
i l | I
cycles cycles
a: LoHi sequence b: HiLo sequence

Figure 3.29 Sequence in loadings, each with two different size load blockSchijve, 2009)

However,if the large loads are thdollowed by smaller loadgconsider the HiLo
VA load sequence irFigure 3.2%) then the small loadmay alsoaffect the structure
even if they are still below the fatigue limiThe initial lage loads may be large enough
in size to introduceesidual stressestroduceplasticity into the structure or may even
create an initial crack. Thereforthe subsequent smaller loads will contribute to the
stress fieldat the crack tip, and witonsguentlyaffect the crack growt{Schijve, 2009)

For this scenario, thé.oHi sequence will lead to a larger faie life than the HilLo
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sequence, whichwill experience residual stressé®m the initial loading The next
scenario with an initial crack size leads to the next shortcoming of the Miner rule.
Miner rule does not acount for the length of the crack at failure

Consider the scenario where a microcrack exists in a strugitlvean initial crack
size of.5 mm (a = .5mm).Using theLoHi sequencen Figure 3.29, assume that the
lower stress amplitude no longéalls below the fatigue limit. At the load stress
amplitude, themicrocrack may have the capability tgrow until a = 10mm, which could
be the point of failure.However, ifthis small load block is interrupted by a larger load
block, asFigure 3.2% suggests, timethe high-amplitude block could lead to immediate

failure because a small crack is mdragile at higher stress levéEchijve, 2009) For
this half of the scenario, a load sequenceEief< 1 should be expectedin the reversed

sequencekigure 3.2%, the structure experiences a larger load fifghe end bthe first
load block may leave a crack in the structure that would be considered near f&lure,
n/Nis close to 1 After the transition to the smaller load block, substantial crack growth

is still possible, but the structure is capable of withstagdnore cycles. For this half of
the scenario, a load sequence%eb 1 should be expectedOpposite tascenario of no

existing microcrackin this scenario, the LoHi sequence will lead to a shorter fatigue life

than the HiLo sequence.

3.3.1.2 Nonlinear Damage Accumulation

Along with the linear damage accumulation model,-mo@ar models for damage
estimations are also proposed in literature. JNiogar models were initially comprised
from the assumption that fatigue damage should be quantified by the size of the crack.

However, the notinear models do not omit the crack initiation perlma are intended
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to account for the crack initiation and crack growth period&nce the rate of crack
growth is an exponential function, the corresponding amount of fatigue damagg woul
also follow an exponential curyerigure 3.31b. Fatigue damage as r@onlinear,

exponential function can be written as:

(Equation3.13)

WhereCj is a material parameter related to ttieloading level, a value that should

be experimentally obtaing®lanson, et al., 2006)

Damage
\
Damage
\
\

0 n/ N

Figure 3.30lllustration of linear damage
accumulation (M odified from (Schijve, 2009)

1 0 n/N 1

Figure 3.31 lllustration of n on-linear damage
accumulation (M odified from (Schijve, 2009)

The accumulation of damage as a +ioear function poses some difficulties.

Consider the load block ifrigure 3.28 or Figure 3.2% (both illustrate a HiLo VA

sequence)As discussed previously, the sequence effects in VA loadingssagaificant

shortcoming of linear damage modalsd continue to bshortcomings oftte nontlinear

damage accumulationsThis isshownin Figure3.33. As the figure shows, the damage

will accumulate along the first curve for the fisstof cycles with stress amplitudge

andthentransition to the second curve for the second seydeswith stress amplitude,



, , until failure at D=1. The problem with this assumption is that the simfof and

T 70 will be smallerthan 10 because Nand N will represent two different curves.

The reversed sequenceith LoHi stress amplitudes, will lead to a similar dilemma, i.e.
thev al uG@ wl | | not accurately describe the
nonlinear camage analysis will conclude 70 +1 70 > 1. The results of nofinear
damage models showed that damage does not need to be defined to any particular
physicda manifestation. Any family of damage curves would obtain the same answers, as
long as they are in proper relations with each ofManson, et al., 2006) Lastly, it

should be stated thdike linear damage models, the nlbbnear models also ignore

interaction effects, acquiring some of the similar assumptions that are made in the Miner

rule.
1 1
(a) (b)
£ 7 £ el
S /// 8 ///
0 1 0 - 1
”1/ Nl n/ N nz/ N2 n1/N1 ny N,
<> Smm————
Figure 3.32 Non-linear damage curve Figure 3.33 Non-linear damage curve
from HiLo VA sequence approximated by double linear functions
(Modified from (Schijve, 2009) (Modified from (Schijve, 2009)

It is worth mentioning that nelinear damage accumulation models can be
approximated by double linear function§jgure 3.33, with the linear damage

accumulation rulapplied(Zhang, et al., 2013) The importance with the double linear
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models is the —kneepointl or —breakpointl
the next. This value depends only on the fraction of life fronfitbieload segment. For
two-block loading problems, these values should be experimentally determined.
Nonetheless, these simplifications have been successfully applied -tdowkoloading
problems, but the parameters are too complicated for the-bladk loading or complex

VA loading, such as traffic loads.

3.3.1.3 Linear vs. Nonlinear Damage Accumulation

There is a variance ithe calculateddamage results between the double linear
damage rule and the linear damage rulehe DLDR is useful when attemptintg
understand the fatigue life of a specimen subjected to known |eadileg effects, where
—breakpointll val ueestothaerneed tpo deeve eatues rexpérimentally, D
the DLDR is not a good fit fothe analysis on steel bridges. Each valgaload the
bridge will experience is highly dependent on the large erraticism of traffic loads (i.e.
frequency and size) the bridge will experience. This is especially true at the location of
welded joints, where the Miner rule is generally considesduktthe only calculation rule
available(Schijve, 2009) Because both models have shortcomings and provide rough
estimates, results show that a preponderant number of cases require no more than the
Miner rule to get satisfaoty results(Manson, et al., 2006)While the limitations of the
Miner rule still exist, the Minerule continues to be the preferred method, provided it is

used cautiously.

3.3.2 Application of S-N Curve
The purpose of the-N cuve is to illustrate the stress and life relationship by
plotting the cyclic stress (S) against the number of cycles to failyye A% SN curve is
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typically constructed as a piecewssentinuous curve consisting of two distinct linear
regimes when ploeéd on loglog coordinates, as seenkigure3.34. For steelspecimens,
fatigue strength valuesre typically N, = 10°, andN; = 10° define an N curve. The

corresponding fatigudressvalues are referred to,& and S, respectively.

Low-cycle fatigue

%3 Sz ______ A
“ : High-cycle fatigue
£ N IRN e etE
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w LCF HCF Fatigue Limit

1 N, N, ]

N;, cycles to failure in a logarithm scale

Figure 3.34 Schematicconstantamplitude S-N curve of a steel componeniLee, et al., 2005)

In the curve, ie two sloped linear segments represent theclsie fatigue (LCF)
and highcycle fatigue (HCF) regions, and the horizontal segment represents the bending
fatigue limit. LCF applies to structures that experience high amplitudes, low amount of
cycles, and have a short fatigue life. HCF accounts for structures that are exposed to a
large number of cycles. Thmore relevandifference between the two conditions is that
low-cycle fatigue is associated with macro plastic deformation in every apdbigh-
cycle fatigue is more related to an elastic behagfathe material In summary, cases
with high cycle fatigue conditions endure:

1 High number of cycles to failure

1 Little plastic deformation due to cyclic loading
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Thus, hgh-cycle fatigue is more common in applications and-tywle fatigue is
associated with a more specific load spectrum.

Due to the cyclic operating stresses from constant amplitude loading, a microcrack
will develop and nucleate within a grain of the material. The microcrack will grow to the
size of about the order of a grain width until the grain boundary barrier impedes its
growth. The grain barrier is a much stronger part of the steel, causing coagk ¢
slow and may become arrested. The minimum stress amplitude to overcome the crack
growth barrier for further crack propagation is referred to as the fatigue limit. Upon
reaching and/or surpassing the fatigue limit the microcrack will eventualhagate to a
macro crack and lead to failure, i.e. the end of the fatogaekinitiation life.

The SN curves displayed inFigure 3.34 are used fo estimating fatigue life of a
specimen for applied constant amplitude stresses. However, when the specimen is
exposed to variable amplitude loading, some of the subsequent stress amplitudes could
exceed the fatigue limit andfluence the crack to propaig. Thus, under variable
amplitude loadings, the fatigue limit should be modifigss discussed in sectidh3.],
the Miner Rule is a proposed method to inclule effect ofthesevariable amplitude

overloadswith low stress amplitudes.
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Low-cycle fatigue
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Figure 3.35 CA SN curve for a steel component subjected tdA loads
As illustrated inFigure 3.35, the Miner rule extends the HCF region of th& S
curve with the same slegactor, k, to approach zero stress amplitudée slope of the
SN curve in the HCF regime is denoted as, b (tbmhtto-base ratio) or as, k (the

negative baséo-height ratio). The slopes are related through the following expression:

(Equation3.14)

> ©

wherethe parameter k is nothing more than a slope fadtogeneral, if fatigue behavior
is dominated by the crack propagation mechanism, e.g. welded joints;Nheu&e
often has a steep slop® ( T®IIQ 0) (Lee, et al., 2005)Any two SN data points in

the HCF regime are related by the slope or the slope factor in the following equation.
— 3 waibE QowiQe 3 3 (Equation3.15)
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Therefore, any point betweeny(N,) and (S, N2) can be obtained by lenown
slope and &nownreference point, such as,(8l,) or (S, N;). TheHCF region of the&s-

N curve is commonly expressed as:

I3 (Equation3.16)

3.3.2.1 Fatigue Prone Details

The fatigue strength of bridge components are based on the same experimental data
that correlate the magnitudes of stress ranges with the number of cycles to fatigue failure
for various types ofletails(Zhou, 2006) Fatigue damage often occurs at the element
level of bridge componentand more specificallypccurs at welded, riveted, or bolted
locations withlarge stress concentrations and construction defects; eslbemthere the
rigidity of the structural member changes$:atigue resistance at an element location
depends on the direction and variation of the live loads, the member sizes, fastener and
weld characteristics, and quality assurance procéS&dsmnjo, et al., 2013)Laboratory
experiments were conducted on the following types of structural details in order to
characterize their susceptibility to fatigue damage,

1) Plain Material away from Any Welding

2) Connected Material iMechanically Fastened Joints

3) Welded Joints Joining Components of Bl Members

4) Welded Stiffener Connections

5) Welded Joints Transverse to the Direction of Primary Stress
6) Transversely Loaded Welded Attachments

7) Longitudinally Loaded Welded Attachments

8) Miscdlaneous
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These laboratory experiments were conducted by placing the structural details under
fatigue loads in order toorrelate the magnitudes of stress ranges with the number of
cycles to fatigue failuréZhou, 2006) The geometry of the details and location of the
applied load on these details have had the greatest impact osueptibility to fatigue
damage. AASHTO LRFD Bridge Design Specificago2012, describes the fatigue
categories in full detail for load inded fatigue details.The details argrouped into
eight categories, called detail categories, based on their ability to withstand fatigue loads.
Bridge details (welded, bolted and riveted) are categorized as A, B, B, D, E, or E
based on their fegue strengths.Category A is for the base material steel and has the
highest fatigue strength. Categoryr&presents the poorest welded details that have the
lowest fatigue strength. Experience and past data both indicate that in the design process
the fatigue considerations for Detail categories A through Bwi | | r;dheyaley gove
included in LRFD Bridge Design Specificatio12 for completenesgAASHTO,
2012) All federal and state agencies are encouraged td tisair bridge inspectors to
|l ocate and i1 dentify tWikefaitue of¢hgse structufal detailsdt E°’
is not always significant to the whole structure, their failure is extremely significant in
structural members that alacking redudancy. Table3.1 showsc at egory E anc

details whichare more prone to fatigue.
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Table 3.1 Sample ofdetails that are consideredatigue prone (Oregon DOT, 1996)

Fatigue Prone Details Category Definitions

Termination of Welded Coverplates in tension zone

* Coverplate wider than flange without weld across end (E')

* Coverplate narrower than flange and flange thickness < 0.8 inches (E)
= Coverplate narrower than flange and flange thickness > 0.8 inches (E')

Plates welded longitudinally to tension members where

weld is 12x the plate thickness or greater than 4 inches ~ —™ : -~

(e.g. lateral bracing gusset piate attached to girder web or

edge of flange) - hat
*  Plateis < 1 inch (E)

«  Plateisz 1inch (E) 15 AL

Plates welded longitudinally to tension members with:

= Atransition radius < 2 inches or the end welds are not ground smooth (E) No plate thickness or detail length
restrictions apply.

* Plate and flange are not of equal thickness and reinforcement is not removed (E).

Intermittent fillet welds (E) —_

dhcfnh.'.ﬂz‘f.: Catepan, E (i wai) metar
Shear stress on throat of fillet welds where the ends of the weid are — (1IN Bayy m::; )
developed abruptly (e.g. welded splice plates on a tension member) (F) ==

[

L~

Section through head of eyebar or pin plate (E) - 1 T
23 24

Source — Standard Specifications for Highway Bridges, American Association of State Highway and Transportation
Officials, 2002.

Thenumber of cycles to failur®r bridge detailsn the SN curveis expressed as:

'3 (Equation3.17)

where Nis the number of stress cycles to fatigue faillives the nominal stress range at

a fatigue detail and A=detail category constant, varying withtype of detail. The

AASHTO SN curve is shown irFigure 3.36. The SN curve shows high cycle linear

regime that bends into tfewnstant amplitude allowable fatigue stress range, or constant

amplitude fatigue limit (CAFL)represented by a horizontal dagliee.
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Figure 3.36 AASHTO fatigue strength SN curves
The CAFL varies forthe fatigue proneategories depending on the number of stress
cyclesa component is exposed tdable 3.2 displays the variance ithe CAFL for the
fatigue categoriebased on the number of cycl@SASHTO, 2002) However, a bridge

experiences millions of cycles pgear and themore relevant CAFLfor most bridge

structures applies to categormeer 2,000,000 cycles.

Table 3.2 Allowable Fatigue Stress Range for CAFL

CAFL Allowable Range of Stress,kksi)’
For For For For over
100,000| 500,000| 2,000,000 2,000,000
Category | Cycles | Cycles Cycles Cycles
A 63.0 37.0 24.0 24.0
B 49.0 29.0 18.0 16.0
B' 39.0 23.0 14.5 12.0
C 35.5 21.0 13.0 10.0
D 28.0 16.0 10.0 7.0
E 22.0 13.0 8.0 45
E'’ 16.0 9.2 5.8 2.6
F 15.0 12.0 9.0 8.0
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The CAFL category constants for all fatigue categories are summarizédhle
3.3. These values represdhie constant amplitude fatigue limits on thRASHTO SN
curve. The values for this table are found in tAASHTO LRFD Bridge Design

Specification®2012 (AASHTO, 2012)and are used alongside tAASHTO SN curve

Figure3.36.
Table 3.3 Constant A and CAFL of AASHTO Fatigue Categories
Constant A CAFL
Category] x10°ksi®  x10"'MP& | ksi MPa
A 250.0 (82.0) 24.0 (165.5)
B 120.0 (39.3) 16.0 (110.3)
B' 61.0 (20.0) 12.0 (82.7)
C 44.0 (14.4) 10.0  (68.9)
(Of 44.0 (14.4) 12.0 (82.7)
D 22.0 (7.21) 7.0 (48.3)
E 11.0 (3.61) 4.5 (31.0)
E’ 3.9 (1.28) 2.6 (17.9)

3.3.2.2 Effective Stress Range

Since the data in -8 curves were developed under constamplitude cyclic
loading, an effective stress range should be calculated to equivalently represent the
variableamplitude cyclic loading on bridge structures. The effective stress range for a
variableamplitude spectrum is defined as the constamplitude stress range that would
result in the same fatigue life as the variadmeplitude spectrum. Variable amplitude
load spectrum can be defined by the Rayleigh distribution, with most cycles ngcurri
below the constant amplitude fatigue limit. Rayleigh distribution is schematically

represented ikigure3.37.
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Figure 3.37 Rayleigh-type stress range histogran{Fisher, et al., 1983)
For steel structures, the remiean cube stress randggg(ation3.18) calculated from
a variable amplitude stress range histogram and is used with the constant amphtude S
curves for fatigue life analysgZhou, 2006) The summation of stress rangesthe
histogram is an acceptable wayf approximating the area under the Rayleigh

distribution.

Y Y (Equation3.18)

where § is the midwidth of theith bar, or interval, in thérequencyof-occurrence
histogram 3 is the reciprocal of the slope in the constaht &irve,and’ is the fraction

of stress ranges in that same inte(kadating, et al., 1986)
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3.3.2.3 Truncation Stress Range for FatiguBetails

A fatigue detail is most affected by the largest stress ranges that exceed the constant
amplitude fatigue limit (CAFL). For most bridge components, only a small fraction of
the stress range histogram is greater than the CAFL while the majothg ofieasured
stress cycles will fall below the fatigue limit. Thus, calculations for the effective stress
range are distorted by the large amount of smaller cycles which lowers the effective stress
range value. It has been proposed that a lower truncatress range, or cutoff, be
established, which would calculate an effective stress range that emphasizes the effects of
the large cyclegZhou, 2006) The higher the truncated stress range, the higher the
calculated effectig stress range.

Based on research results of variable amplitude fatigue in the United States and
Europe, the magnitude of the truncation stress range was decided as a fraction of the
CAFL of the detail. A truncation value of 0.5CAFL was found to beaomasle yet
conservativdZhou, 2006) Therefore, alstress rangdswer than 0.5CAFL are excluded
in the effective stress rangealculation While the 0.5CAFL value provides reasonable
results for most cases, casgecific factors should also be considered in the
determination of the truncation stress range. These factors include: (1) the level of
ambient noise if signals from sensing equipment are not filtered, (2) stress cycles due to
light vehicles based on results of @ibration test, which correlates the strain response
with a control vehicle of known weight, and (3) traffic information such as the average

daily truck traffic (ADTT).
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3.4 Remaining Useful Lifei Crack Initiation Period

Finally, the damage prognosis is @ahted for the fatiguerackinitiation period.
The remaining useful life is calculated by comparing the current life of a specimen to the
predefined laboratory values of specimensigure 3.38 illustrates how the effective
stress range can fit into the AASHTGONScurves. As sbwn, the hypothetical data is

extended below the fatigue limit to accommodate VA loading with the Miner rule.

Range (S))

Stress

Y

Number of Cycles to Failure (N)
Figure 3.38 Effective stress range fits into S\ curves
The number of stress cycles to fatigue failure is found from tie cairve that
corresponds with the effective stress rangéhus the cumulative damage frotine
fatigue crack initiation life is written a@ percentage of the fatigue life by dividing the
number of current cycles at the effective stress rangeby the number of stress cycles

to fatigue failure,

Q " %damage (Equation3.19)
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Further, sibtractingthe current number of cyclett the effectivestress rangérom the
number of cycles that defines the fatigue lpeovides the remaing useful life of the

crack initiation periodn terms ofcycles

25, . . cycles (Equation3.20)

Or the remaiimg useful life of the crack initiation periad termsof yearsas,

25, years (Equation3.21)

3.5 Uncertainties in Crack-Initiation Life Modeling

There is a diverse number of facttinat contribute to the fatigue performance of a
structure and uncertainties have proved impossible dapture throughaccurate
guantitative methodsr rational argumentéSchijve, 2009) This is especially difficult
from structures in service, since fatigue properties largely come from laboratomhaests
don’t r e pa Hestatistical tigtributions Rather than attempting tuantify
the uncertainties in fatigue assessments, é¢bisventionalto use safety factors or other
similar methods.The choice of safety factors is a matter of experience and engineering
judgment(Schijve, 2009)

The most common reasons for uncertainties involved with fatigue performance are:

1 Uncertainties within the load spectrum or the extrapolation
1 Uncertainties about the fatigue properties of the stractur

1 Uncertainties about the reliability of predictions
Variations in the load spectrum were discussed in detail in s&8dmwadInduced

Fatigue from VariableAmplitude Loading The essence of this section described the
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stochastic nature of variable amplitude lgaaich results in large variation between the
stochastic loads and deterministic loads applied in the laborakgn if a bridge was

built with the same design and construction at a different location, the bridge will not
experience the santeffic loadings. For instancd,a bridge is built in a location that is

not traveled by a lot of trucks, the bridge will not experience as high of stress ranges than
the bridge in a high truck volume location. Further, a bridge in a different location may
evenbe subjected to different weather conditions. A bridge in a marine environment is
more susceptible to corrosion damage, which would accelerate the fatigue effects on a
bridge.

The next reason for uncertainties is associated with the fatigue propérties o
structure. Since cracking will almost always begin at a material imperfection or defect,
the time to initiate a crack will vary across the structure. While material properties for a
standardized composition may be obtained from data banks, ittdaamguaranteed that
these properties are always the same; statistical variations are related with material
properties and production qualityfFurther, fatigue damage more often occurs on the
connections between steel members, because the welded, rmetenlited details are
often associated with high stress concentrations and construction {8f#uds|o, et al.,

2013)

The last reason often associated with uncertainties is the reliability and accuracy of
fatigue-crackinitiation prediction model.The remaining useful life is obtained frora\S
curves and corresponding fatigue limits that were derived from constant amplitude loads.
However, for highcycle fatigue regimes, scatter of fatigue lives is not the most important

issue. The scatter is more concerned around the fatigue liffie section,3.3.1.1
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Shortcoming®f the Miner Ruleprovided insight into the drawbacks of using the linear
damage accumulation model (which are well suited for constant amplitude loads) with
variable amplitude loadings. This section prodidhe necessary insight that with
variable amplitude loads, stress ranges below the fatigue limit may also contribute to the

fatigue failure.
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3.6 Summary

Figure 3.39 presents the flowchart that summarizes the method to fatiguo&
initiation life analysis. The flowchart begins with the measured stirai@ history and
ends in the damage prognosis for the bridge detail in question. The flowchart presents

the methodf fatigue analysis presented hereQin

START HERE

Straintime history measured by a
strain gauge

Measured Stress Cycles Counting Method
Spectrum (Rainflow Cycle Counting)

l

Extrapolate
Spectrum

Record moredata N

Stress Spectrum of the representati
load blocks (measured + extrapolate

Effective Stress Range of Variable
Amplitude Spectrum

Fatigue Analysis Using-8l Curves

Damage Prognosis

Figure 3.39 Approach to fatigue crack-initiation life analysis
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Chapter Four: Theoretical Development ofFatigue Crack Growth
Period

Once a fatigue crack has initiated, applied regebatresses cause propagatdra
crack across the section of the membil the crack grows to a size where thember
is capable of fractureThis period of crack growth is known as the propagation period.
The crack initiation period0j dealt mostly withmicrocrack development anttivial
crack growthat the material surfaceMicrocracks usually have negligible effect on the
ultimate strengtlof a structure. However,once the crack becomes larger in size, i.e. a
macrocrack, the static strength of the structure is substantially reduoethe crack
propagation periodthe crackis considered to ba macrocrack anés now growing
through the raterial Thus, the crack propagation period is based around the rate of
crack growth. As illustrated inFigure 4.1, crack growth transitions from the endf the
crack initiation period andends once the structure has fractured: the separation of the
member into two parts The crack propagation period can be separated by threegegion

of crack growth, further discussed in sectdbB.1Crack GrowthBehavior

Fracture

Flaw size, a

Cycles, N .
y Time

Propagation Period,,

|
Figure 4.1 lllustration of fatigue -crack-propagation life
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4.1 Crack Types

Since a structure contains a crack throughout the entire propagation period, then it is
clear that some macrocrack sizes are deemed accep@iaeks may be acceptable for
different reasondor instance the crack may have negligible effect on the function of the
structure Depending on the size of the crack and the ratwamk growth, cracks may
not have significant safety or economic conssmes.

Two well-known examples of crack types where the crack growth is important

include:

I. A crack in sheet metalyhere the crack is growing through the full thickness
of the material. These cracks are more often referred to as through thickness
cracks An example where these cracks occur often is within the skin of an
aircraft structure.

Il.  Part through cracks, where a corner crack or a surface crack starts at a hole
in the structure. These cracks may also occur as surface cracks in welded
structuresat the toe of the weldA surfacecrack with a curved crack front

has 3D character, as seerFigure4.2.

crack front

corner crack through crack

surface crack

part through cracks {

Figure 4.2 Different types of cracking starting from a hole (Schijve, 2009)
Fatigue crackare distinguished by three modes of loading, illustratdeignre4.3.

The first mode describes tensile loading where the crack surfaces move directndpart
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a fatigue cracks grows in a direction that is perpendicular to the main principle stress
This mocek is the cause of most fatigue cracks for structures in serVioe second mode
describes ifplane shear where crack surfaces slide over one another in a direction
perpendicular to the leading edge of the crack. The third mode is a tearing mode where
the crack surfaces move relative to one another and parallel teati@g edge of the
crack. Modes Il and liwill occur under cyclic shear stress. While experience shows that
small cracks may nucleate under pure shear loading, these cracks will quickly a
transition to fatigue crack growth in the tensile mode, i.e. modeMbde | is the
dominant mode and mode of interest for fatigue cracksnsile stresses that open the

crack will influence the conversion of cyclic plastic deformation into cext&nsion.

!

-—
¢ Mode I: Mode II: Mode llI:
Opening In-plane shear Out-of-plane shear

Figure 4.3 Three modes of loading used in fracture mechanics
The cracktip stress equation€Equation4.1, Equation4.2, Equation4.3) are very
similar for reach of the modes. Consequently, the fracture and crack growth analysis
procedures for each of the modes turn out to be identical. Therefore, if analysis can be

completed for mode I, then analysis can be perforimethe additional modes as well.

o 1 BACT I, i it (Equationd4.1)
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0 &M, AT (Equationd.2)

0 & Mt i, i (Equation4.3)

In practice, most cracking occurs from mode | loading. The other two modes do not
occur individually, but they may occur in combination with mode I. However, if the
loading of these modes is in phase, cracks will rapidly choose a direction of growth and
mode | will dictate(Broek, 1989) Thus, due to the nature of crack growth, the majority
of apparent combined mode cases are reduced to mode |. There are also instances where
material strength or properties may dictate the mode path, and should not be simplified to
a mode |I. These occin mode | and mode Il combinations where the crack may be
directed to a different part of the material that is less resistant to cracking and fracture

(Broek, 1989)

4.1.1 Crack Detection

Since fatigue cracks initiate on a miatopic scale then there is no specific crack
size that occursaind is titled to be datigue crack. Instead, micro cracks begin at the
microstructure scale in thaeip planesand progress at different rates through the fatigue
life of the dmadadk.al Thack esmz e i's reser
detectable. Various methods have been used for the detection of cracks: visual, dye
penetrant, magnetic particlesray, ultrasonic, eddy current, acoustic emission. Each of
these methods is capatof detecting crack sizes at different lengtfigable4.1 lists these
inspection methods, a brief overview of the method, and approximate craskilsése

methods have been able to detect.
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Table 4.1 Compilation of non-destructive testing methods and the detectable crack size

Inspection o Detectable Crack
Method Principle (Broek, 1989) Size(Miki, 2004)
Visual Naked' eye, assisted by magnifying glass, lam| 1-5mm
and mirrors.
Colored liquid is brushed on to penetrate into
crack, then washed off. Quicktjrying 10mm
Penetrant suspension of chalk is applied (developer).
Penetrant in crack is extracted by developer t¢ 6mm (after paint
give colored line. removal)
Magnetic Liquid containing iron powder. Part placed in | ~ 5mm
magnetic field and observed under ultralet
Particles light. Magnetic field lines indicate cracks. 2mm (after paint
removal)
) X-rays pass through structure are caught on fi
X-ray Cracks are delineated by blkaline on film. unknown
Probe (piezeelectric crystal) transmits high 5mm
Ultrasonic frequency wave into material. The wave is
reflected by crack. Time between pulse and 6mm (after paint
reflection indicates position of crack. removal)
Coil induces eddy current in the metal. In turn 5mm
Eddy Current this induces a current in the coil. Under the
presence of a crack the induction changes. 5mm (after paint
removal)
Measurement of the intensity of waves emitte(
Acoustic the material duéo plastic deformation at crack | unknown
Emission tip.

Visual inspection is the only inspection method that is required by the FHWA.
Visual inspection would only be supplemented by these other inspection methods.
Currently, the approximate value of the initial crack size is normally taken as an
engineering size crack that is easily visible with the naked eye, approximéeieiynl
(Chen, et al., 2005) Most steel bridges are coated withint in order to protect them
from weathering corrosion. Discontinuities of paint fijmgich are easy to detecire

the signthat cracks are preseiiMiki, 2004).
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4.1.2 Cracks on Welded Structures
Once a crack is visible and detected, the type of crack can provide more information
about the structure, i.¢he direction of internal forces, tre bending of the membeAs
mentioned in Chapter 3yelded jointsmay be especiallproneto crackingbeause
defects in the material create a vulnerable spot for crack initiation wiigected to

bending and tension loads

Transverse
Crack

A
A 4

Toe
Crack

o

Underbead
Crack

Toe
Crack

Figure 4.4 Transverse gusset on a platetypes of crack in a weld
Figure 4.4 displays typical types ofracksthat may occur on aelded structure
where the structure’s geometry i splagasi ti on
typical geometry found on bridge elements such as cover plates, gussets, or stiffeners.
Transverse cracks are perpendicttathe direction of the weldThese are genefglthe

result of longitudinabtresses actingroweld metal of low ductity. An underbead crack,
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also known asraundercut crackis often the result ointernal stressethatarisein the
welding processrom unequal contraction between the base metal and the weld metal.
While transverse cracks and underbead cracks haveredaom welded structuregey

can be alleviated through proper design and welding processes. However, a root crack
and a toe crack are more likely to develop from apgesionloadson the transverse
connectiorplate illustrated inFigure4.9. Thus, a crack that forms at the root or toe are

the morecommontypes of cracks found on bridge elemen#sroot crackforms atthe

root of the weld and diween the joint of the steel platand usually occursrbm a
horizontal applied load, as shownHigure4.5 (AISC, 2005)

—>

Crack
Initiation

Figure 4.5 Initiation of root crack
A toe crack begins at the toe of the weld and the stetd, @ad forms perpendicular to
the applied load. With a transverse gusset welded to a longitudinal plate, the toe of the
weld forms a sharp angle at the weld periphery between the weld and the face of the
gusset. This creates a line of elevated tensibargvfatigue cracking can start from the
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small, sharp discontinuitigdlertz, 2012) An illustration of a toe crack and a root crack

is shown inFigure4.6.

',"-'.Il..-T:_ -
i~

L :
Toe Crack

Root Crack

Figure 4.6 Simultaneous propagation of cracks from toe and root of wel@Janosch, 1993)

4.2 Linear Elastic Fracture Mechanics

A crackin a structure can grow undezpeated applicati@of stress thaarelarge
enough in range.The rate of this crack growth is high dependent on the material type.
While the nature ofhe material cracking is a neelastic deformation, the region beyond
the crack (at the crack tip) experiences a linear elastic stress field under load.

Because the stresses at the crack tip are so small in fatigue problems, the plastic
zone is limited and linear elastic fracture mecha(li€d-M) is therefore a useful todbr
fatigue crack propagation life predictionParis model is most widely usedodelin
linear elastic fracture mechanics for teediction of crack growth. In this model, the

range @ the stress intensitfactor (0 ) is the main factor driving therack growth with

two parameters C and m that reflect the material properties.

%o # Y+ (Equation4.4)
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Wherea is the initial crack size\ is the number of fatigue loading cycl€s and m
are material properties, ard) is the stress intensification factofFor a given initial
crack sizepncethe crack growtlrateis determined, then the existing crack size can be
easily calculated through a summation over crack size increnséantsng from the

known size.

4.2.1 Stress IntensityFactors
Thestress in the local crack tip described as a functioff the applied stress in the
form of stress intensity factorsStress intensity factors are used to describe the severity
of a stress diribution around a crack tighe rate of crack growth and the onset of
fracture (Zafosnik, et al., 2002) Even at relatively low loads, there will be a high
concentration of stress at theack tip and plastic deformatiocan occur (Mertz, 2012)
The simplest form tafastessdistribudn @rounchaecrackitimt en s i

can be written as,
O 1 O (Equation4.5)

Where,"Yis the remote loading stressis the crack length, aridis a dimensionless
factor depending on the geometry of the specimen or structural component. One
important feature this equation illustrates is that the stress distribution around the crack

tip can be described as a linear function.

4.2.2 Stress Intensity Factor and Similarity Factor
From Equation4.5 it is shown that the stress intensity factor, K, and the tfemo
loading stress are linearly proportional. Therefore, if the cyclic stress varies betyween S

and $\ax then the corresponding stress intensity factor will vary betwegnadd Knax
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The stress ratio is the same for the cyclic stress and the cystalul, shown in

Equationd.5 and illustrated irFigure4.7.

Y i 0 (Equation4.6
N 5 quation4.6)
K ‘ Kmax :ﬁ Smax\l”a

- AK = BASVTa

' Kmin = ﬁ Smin vra

time

Figure 4.7 Variation of stress intensity factor related to the variation in stress cycléSchijve, 2009)

To exemplify the similarity principletwo specimens with different size cracksd
loadingsare compared against each ottsen inFigure4.8. The one specimen with a
large crack is loaded by a low cyclic stress. The other specimen has a small crack and is
loaded by a high cyclic stressEach of thesespecimen should experiencéhe same
stress intensity factor, and accordance withthe similarity principle, the amount of
damage, or propagation in the crack, shaalkb be the same in each specimemhe
results are that the crack growth rate must be a functid® pivhich isa function of the

stress ratio, seen bBquationd.7,

—.,  "QYohy (Equation4.7)
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Figure 4.8 Example of similarity principle (Schijve, 2009)
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4.2.3 Crack Growth Behavior
The stress intensity factor is the driving force for fatigue crack grd@téQ ()
results. Therelationship between the stress intensity factor and the crack growth curve is
a sigmoidal curve, illustrated iRigure4.9. When da/dN is plotted as a function ¥
on a double log scale, the functiohddQ 0 "Q Y0 can be dividednto three regions
that describe the behavior of crack growffhe corresponding regions are referred to as

the threshold region, the Paris region, and the stable tearing crack gegietin
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Figure 4.9 Schematic of crack growth curve showing crack growth regionéSchijve, 2009)

In the fird region, thethreshold region, theracking behavior isssociated with
threshold effectsi.e. the transition from microcra¢& macrocracks Thus, he threshold
value,Y0 , is concerned with fatigue cracks that have grown to a macroscopic size at a
YU level aboveY0 . If Y0 is then decreasebelow Y0 , thencrack growth slows
down to a point wherdt is assumed that no further growth occ(&hijve, 2009)
However, the determination of tt¥ -value has a problematic character. This value is
obtained in experimentsith a decreasing crack growth rate until the crack driving force
can no longersurpasseghe crack growth resistance. However, these threshold
conditions are not a truerepresentative for crack growth under variable amplitude
loading cyclesin VA loadsmay bepreceded by some erratic crack growth mechanism

that is not capturedin threshold experimentsAs described earlier in3.3.1.1
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Shortcomingof the Miner Rulestress ranges that occur below the fatigue limit may
actuallyinfluence fatigue damageThen in accordance with the similaripyinciple, it
shouldbe expected that cycles wit+ Y+ can still contribute to crack growthin

the same way that the high cycle fatigue slope is extended on-kheudves, 1 is
recommended to extrapolate g8Q O Y+ data in the Paris region towerY+-values

in the threshold region.

The second region of the crack growth curve shawglinear relationship
between da/dN and0. Most currentcrack growth modelsire fit to this region and
utilize linear elastic fracture mechanits describethe crack growth behaviorWhile
many-eurve fitdl in this region have beesuggested, the Paris equatiBquation4.4, is
the most widely accepted.

In the third and last region of crack growth, crack growth rates are extremely high
and little fatigue life is involved.This region is often referred to dset stableearing
crack growth region. Much like the threshold region, the crack growth life spent in this
region is short, which implies that its engineering significance is limited. As seen in
Figure 4.9, the asymptote that ends this region alempleteshe sigmoidal curve that
describes crack growth. The asymptote describés aycle that has reached a critical
value,U , which describesomplete failure oftte specimen, i.a) 0 .

Figure 4.10 illustrates how the crack growth curvesfiinto the fatigue life curve.
The crack growth curve is superimposed onto the fatigue life curve, so the vertical and
horizontal axes of the cragcowth curve are still scaled logarithmically, while the axis
of the fatigue life curve is a linear scal@he first region is part of the initiation period

since it deals with remedial crack growth that is not yet visible for inspection. The crack
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becones of macroscopic size at the end of itm&ation period where the propagation
periodbegins. The stable (linear) crack growthgion governshe crack growth sigmoid
curve,which is howlinear elastic fracture mechanics is used to model the grovethrrat

the propagation period.

4 I 1 1
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Figure 4.10 Crack growth curve fits into fatigue life curve

4.3 Fracture Toughness
When the value of the stress intensification factor surpassesand is no longer
in a stabé region of cracking, thstresses at the crack tip are too high for the material to
endure and fracture takes place. Tdriical stress intensity value is more often referred
to asthe fracture toughness, , wherel denotes opening mode, aadepresents critical.
Fracture toughness ismeasurednaterial property, just like Peions r ati o or Y

Modulus, and is sually measured through standard compact specimé&hs. fracture
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toughness isised to describe the ability of an already crdckmterial to resist fracture.
The fracture toughnegsin also be used to indicate sensitivity of the material and the
materialssusceptibility to experiencing cracks under loadi@ghijve, 2009)Thus, $ress
intensity factorscan becompared with the fracture tgliness variables to determine if
the crack will propagatéCAE Associates, 2013) The relationship between the stress
intensity factors and the fracture toughness is similar tobb@teen tensile stress and

tensile strength:
O 0 (Equation4.8)

When the applied stress intensity equals or exceedm#iterial fracture resistance,

0 , fracture is predicted.

4.3.1 Charpy V-Notch Test

The Charpy ¥WNotch (CVN) test is commonly utilized to measure the fracture
toughness for structural ste@Vright, 2012) In the CVN test a small 10x10x55mm
rectangular bar with a broached notch on one imerounted on a fixture. A weighted
pendulum or hammer, strikes the test specimen and the energy required to initiate fracture
is measured. This provides a relative measureatérialtoughness.

The CVN test was not enough by itself to give accurate predictions of the fracture
toughness.It was also found in the CVN tests that the amount of energy absorbed by a
particular steel specimen varies as a function of the material tempenatul@adingate
The consideration of these factors has led to ast@p transitiostemperature approach
to prevent fracture. This twstepprocedurecorrelates the CVN tests and temperature
was developed in order to more accurately predict the fracture toughhesfrst step
is to calculate the toughness of the material as if it had just underwent the CVN test
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0 06 ®UO (Equation4.9)

Where CVN is the Charpy ¥otch energy (ftb) and E is modulus of elasticity
(psi) andy is n iQ£ Since, he CVN test is performed at dynamic impact loading
rates that are much higher than the loading rate experienced by bridges due to live load.

The next step is to calculate a temperature shift between the static and CVN test curve.
Y ¢ puLPD, (Equation4.10)

Figure 4.11 displays the relationship between the dynamic impact loading and the

fracture toughness at bridge loading rates.

T,w=215-150

ABiaug NAD

Lower Shelf : Transition Region ‘ Upper Shelf

r o

4
‘A

Kic Fracture Toughness

CVN Energy Transition Curve

_-- K 7o Fracture Initiation Toughness

(At bridge loading rates)

Temperature

Figure 4.11 CVN transition curve relating temperature with fracture toughness
(White, November 2012)
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4.3.2 Computations of Stressintensity Factors

For many ordinary cases of cracking, the calculations of stress intensification factors
for various crackgeometries and loading cases halreadybeen computednd can be
obtained from previously published literatumeg. elliptical cracls embedded in very
large bodie¢Schijve, 2009) These result® these configurations aodten referred to as
K solutions The K solutionsare presented as function of thegeometriccorrection
factor] and are displayed in graptisatshow how depends onepmetricratios. The
graphscan then be used to esaiteunknownstress intensification factots/ evaluating
the availabl e dat a Whierthereds extensivae lteflaturg @o me t r i
values, these pre-computedsolutions are limited to a special few configurations and
many practical cases faf solutions for cracks are not availal{fgchijve, 2009) To
compensate for this, sometimes the values are approximated by available solutions fo
less complicated geometries. Furthermore, dases with more complex geomedrie
more accurat& values should be independently calculatEthite element modeling has

proven to offer satisfactory results for theess intensification factof{Schijve, 2009)

4.3.3 Modeling Stressintensification Factors
Finite element (FE) modeling offers a variety of techlqjues and efficient
computation to the derivation sfress intensity factoSIF). In finite element models,
the crack is treated as an integral part of the structure, and can be modeled in as much
detail as necessary to accurately reflect the struckomal paths, botimear and far from
the crack tip. Thus, finite element modélave been shown to provide acceptable
accuracy which has made the finite element method the most popular tool in cogputi

SIF (Jia, et al., 2004) Further, finite element models offer large enough computation
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capacity to capture multiple load effecBBdure4.3). The most common FE methods for
determining stress intensity factors incluttes energy release rate by using the complex
J integralandthe displacemenextrapolation metho@Zafosnik, et al., 2002)

Accurate modeling of the crack proves to be a difficult challenge. Even if it is
known where the crack location is, modeling the crack in a FEM is not trivial, especially
in cases of modeling crack propagatiodnder crack propagatiorthe crack geoetry
will affect how the load is redistributed around the craakd multiple models will be
needed to implement the new crack geometry, crack direction or change the meshing

around the crack tifCAE Associates, 2013)

4.3.3.1 Displacementextrapolationmethod

The stress intensity factors can be determined using displacement correlation near
the crack tip. The displacement extrapolation method uses the nodal displacements
around the crack tip to determine the stress intensity fawtithin the FE model, a very
fine mesh is required around the crack tip in order to account for the large gradients of
stress and strainThe formula for the stress intensification relating to tensile sfresde

), 0 , can be written as:

'O CI‘ i .
o Y ’ (Equation4.11)
bp

The formula for the stress intensification relating tgpliane shear stregmode 1) U |,

can be written as:

0 V6 (Equation4.12)
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Where,” = Poi s s o¥n = displacanentwin the-girectionof a local coordinate
system Y6 and Y0 = displacements in the&-direction and ydirection of a local
coordinate systemmespectivelyj is the distance of a node on the crack surfa@elocal
polarcoordinate systemand Oi s Yo ung’ sTheVdisglacémers correlation
method is computed in ANSYS using the KCALC commandhe displacement
extrapolatiormethod is a more traditionalnalysis method and is a post processing
activity, only valid forlinear elastic problemsThe employment of the displacement
extrapolation method is described in fbdowing section,Validating FEM Models with

a simple LEFM model

4.4 Validating FEM Models with a simple LEFM model

When a through thickness crack is subjected to fatigue loads in cyclic tension only,
the crack front is perpendicular to theterial surface. A through crack with a straight
crack front is usually treateab a twedimensional problemA two-dimensionajproblem
is the easiest to model and to calculate results. Under the assumptions of this being a
plain strain problem wherenkar elastic fracture mechanics is applicable, then an

analytial solution can be determined through the following equation:
(VIS B ¥/ A (Equation4.13)

Where the equation for this specific geoméRitkey, 2005)

() ~
8o ¢z O A—(f)f (Equationd.14)

©
)
gdg
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Modeling of structures takes place in a global Cartesian coordinate system. Because
cracks are suchsmnall geometry as opposed to the entire system, the crack is modeled
with its own coordinate system that is defined at the cracklipwn inFigure4.12.

This coordinate system is useful for expressing the displacements at the crack tip in terms

of crack tip movement.

Figure 4.12 Stress field at the crack tip

4.4.1 Stress Intensity Factor with 2D Geometry inANSYS
An example of a 2D problem was adopted from Dr. AfthPhanat the University
of Alabama(Phan, 2005)A steel plate with dimension&s T& [ , &% T8t qd ,
, P TIt0 And propertiesroung’ s OnodwmO@s d P siatos on’
' m®. FromEquation4.14, the analytical solution yields, c @ Pird G
To demonstrate the accuracy of the KCALC command in ANSYS, the stress

intensity factor was computed for a finite plate insten, with a mode | through

thickness crackFirstly, theequation for a modedtress intensification factdgquation
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4.11, was rearranged in a different form asdescribed by the shear modults
reasons that will become clear in the following section. The relationship between the

shear modulus and elasticity modulus is:

O
0 _
cp o (Equation4.15)

Theequation for a mode | stress intensity factor becomes:

0 Ut ———— (Equationd.16)

WhereYU is the motion of one crack face with respect to another @nsome location

on the crack face defined by the local coordinate systarEquationd.16, Y0j Wi is the
only term that doesn’ t readomthemoda digplaceEnzents

andtheir location in the local coordinate systeifhere is a approximatdinear

relationship between the variablés andii .

— 0 Oi (Equation4.17)

By using thedisplacements at known nodal locations alongdtaek path, constants A

and Bcan be solved fawith a simple linear regression model
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Figure 4.13 Elements and nodes 02D full crack model

For a full crack model,he selected crack path in ANSY8quires at least five
nodes to beevaluatedon the crack face; two nodes on the top of the crack face, two
nodes on the bottom of the crack face, and the node at the cra€kgipe4.13 displays
the elements and numbering along the crack face and crack tip. In accordance with
Figure4.13, the selected crack path would consist of some combination between nodes 5,
4, 3, 10, 9 and 8 along with the node at the crack tip, node 0. The solved displacements

and coordinates dhese nodes are outlinedTable4.2.
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Table 4.2 Coordinatesand displacementsof nodeson crack face

Undeformed Nodal Deformed

Qoordinates Displacements Goordinates

u v k dz k @ UgetT  dat B veerl @ H
Node5 | -1.21E02 | 5.00E05 | -3.84E06 | 1.77E05 -1.22E02 6.77E05
Node4 | -7.62E03 | 5.00E05 | -6.05E06 | 1.51E05 -7.62E03 6.51E05
Node3 | -5.00E03 | 5.00EQ5 | -7.32E06 | 1.28E05 -5.01E03 6.28E05
Node2 | -3.75E03 | 3.75E05 | -7.97E06 | 1.12E05 -3.76E03 4.87E05
Nodel | -2.50E03 | 2.50E05 | -8.59E06 | 9.33E06 -2.51E03 3.43E05
g';‘ii %p 0.00E+00| 0.00E+00| -4.93E10 | -4.93E10 |  -4.93E10 4.93E10
Node6 | -2.50E03 | -2.50E05 | 8.59E06 | -9.33E06 -2.49E03 -3.43E05
Node7 | -3.75E03 | -3.75E05 | 7.97E06 | -1.12E05 -3.74E03 -4.87E05
Node8 | -5.00E03 | -5.00E05 | 7.32E06 | -1.28E05 -4.99E03 -6.28E05
Node9 | -7.62E03 | -5.00E05 | 6.05E06 | -1.51E05 -7.61E03 -6.51E05
Nodel0O | -1.21E02 | -5.00E05 | 3.84E06 | -1.77E05 -1.21E02 -6.77E05

Figure4.14illustrates how the nodal variables and terms are defined within the deformed

and undeformed shapes on the crack face. The values associated with the motion of one

crack face with respect tmother YU, are outlined iriTable4.3.

Figure 4.14 Deformed andundeformed shape of crack tip
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Table 4.3 Motion of one crack face with Table 4.4 Local coordinates and final factor,

respect to anothey Yo Yotvi»
Total Displacementsyo > by bt Yol VD
n & ng 3.55E05 Node5 | 0.01215352912 | 0.00032193
n @ ned 3.03E05 Node4 | 0.00762333257 | 0.00034667
n @ ng?d 2.55E05 Node3 | 0.00500771480 | 0.00036063

For the nodal coordinates and nodal displacementhe crack face, the values for

YUj Wil can besolved, displayed iffable4.4. Linear regression betweénesethree

valuesyields the following linear relationship

— 0 Oie MimmoyPx YMBPTXL T ¢ PiC P (Equationd.18)

Sincer is some location on the crack face in the local coordinate system, then as r
approaches @the crack tip), then the linear relationshipgquation4.18 can be used

to solve for the stress intsification factor. Therefore, when moving closer to the
crack tip, the displacements get smalierd the stress intensification factonverges

to a known value, as seenhkigure4.15.

1.40E-05

1.20E-05 ~

1.00E-05 \\
8.00E-06
£ \
< 6.00E-06
a \
4.00E-06 \
2.00E-06 \
0.00E+00 |1y

24.50 25.00 25.50 26.00 26.50 27.00
K,(MPa vm)

Figure 4.15 Relationship betweencrack face displacementsnd stress intensity factor
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s CALCULATE MIXED-MODE STRESS INTENSITY FACTORS  soweex
ASSUME PLAME STRAIN CONDITIONS|
ASSUME A FULL-CRACK MODEL <USE 5 MNODES>

EXTRAPOLATION PATH IS DEFINED BY NODES: 28 18 16 36 34
WITH NODE 28 AS THE CRACK-TIP NODE
USE MATERIAL PROPERTIES FOR MATERIAL NUMBER 1
EX = B .20868E +86 NUXY = BA.386086 AT TEMP = @.86888
o KI = 26.686 - KIT = 8.13982 , KIII = A.B8a68 AN

Figure 4.16 SIF results of the FEM analysis orfull crack model with 2D geometry
After the FEM analysis he stress intensity factéor mode | 8 computed to be
0 C @ Y90 Ma. Figure 4.16 displays the ANSYS dialogue boxThis
result is compared to the analytical solution for verificatidrne error between the

two methods can be computed as:

u 5 u S @)ng)cw?: w o p X | (Equationd.19)

Conclusively, thedisplacement extrapolation methaded with finite elements

can effectively computthe stress intensity factat the crack tip with minimal error.

4.4.2 Stress Intensity Factor with 3D Geometry in ANSYS
The example of solving for the stress intensity factor on a 2D @atel Stress
Intensity Factor with 2D Geometry NSYYS) is expanded upon for a plate with 3D
geometry. The 3D plate is configured with the same material propertiedoaaihg,
i.e. Youn® smmbA uPlouss s’o nrmigandr, a tpinmat0 AThe
same geometry is used, with dimensiods: T& | , @ m8td and additional

thickness ob 18t d is applied.
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Figure 4.17 Elements of 3D full crack model

The 3D model was created by extruding the geonreetd meshed area from the
2D plate. Folareaghat are preneshed in 2Dthe ANSYS commanf¥fOFFSTallows
the volumeand mesho be extruded; nevidedthe default number of divisions in the
along the thickness of the shape is predefined; done throu@st@&command.For
a 3D solid,it is best to use 20 node brick elemerfor the element typeAs seen in
Figure4.17, the 3D plate was set to be divided into eight divisions. The displacement
extrapolation method was used to solve for the stress intensity factor. Calculations
were proceeded in the same way asdinZensional plate, and the crack path is chosen

by selecting 5 nodes along the crack face.
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Figure 4.18 Crack zone for mode | loading(Pilkey, 2005)
(a) plastic zone at crack tip; (b) plane strain state; (c) plane stress state

When considering the plate thickness, the crack zone can be etbasftwo different

zones along the plate thicknesghefirst zone is at the free surfage, 1T, where the

plane stress state exists. The second zone occurs midway through the plate thickness,
where the strain is constrained and plane strain exists.

Figure 4.18 displays the plastic zone at the crack tip for a through thickness
crack, wherea represents the original crack length amg is the effective crack
length, i.e. accounts for the plasticity zone beyond the actual cracHftifhe size of
the plastic zone (in x and y direction) is large, or within the magnitude of the plate
thickness, then the crack can be modeled as plane stress. If the sizeladttbe@e

is much smaller than the plate thickness, the inner zone will dominate and the crack
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can be considered in plane stréilkey, 2005) For most cases, the plastic zone will
be smaller than the plate thickness atainpstrain will govern. Figure4.19 displays

the plane strain resulésoundthe crack tigfor the geometrynodeled inFigure4.17.

Figure 4.19 Elastic strain in the Y-direction at the crack tip

After the FEM analysis, the stress intensity factor for mode | is computed to be
0 ¢ ® wv 0 Ma. Figure 4.20 displays the ANSYS dialogue box for the
computed stress intensity factorBhis result is compared to the analytical solutior

verification. The error between the two methods can be computed as:

0 0 CPH ovgd@ YT .
T . grtu | (Equation4.20)
v C@HYTm ¢
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The stress intensity factor for a mode | crack once again is close to the actual

value with only 2.005% error.

=xxx  CALCULATE MIXED-MODE STRESS INTENSITY FACTORS  sxxx
ASSUME PLAMNE STRAIN CONDITIONS
ASSUME A FULL-CRACK MODEL <USE 5 NODES>

EXTRAPOLATION PATH IS DEFINED BY NODES: 28 18 16 36 34
WITH NODE 28 AS THE CRACK-TIP NODE

USE MATERIAL PROPERTIES FOR MATERIAL NUMEER
E¥ = B.20000E +B6 NUXY = 8.30888

=xxx  KI = 26.195 - KII = 8.13678 - KIII = B.34617E-14 oeex

i
AT TEMP = ©B.8BAA

Figure 4.20 SIF results of the FEM analysis on full crack model with 3D geometry

4.5 Crack Growth Models and AE sensors

Fatigue cracksypically grow intermittently and the ability to track thisasige
using nordestructive evaluation (NDE) technologies can be a practical piece of
information for structural enginee¢blaldipur, et al., 201Q) Acoustic emissiorfAE)
sensorswhich area type of NDE technology, have been used to monitor fatigue crack
propagation; avell-known source of acoustic emission. AE sensors are fseeal
time monitoring of defect formations and failures of structural materials. Under
loading conditions, materials experience internal stress distributions within their
internal structure and emit energy in the form of elastic wédeang, et al., 1998)
These waves, which can be thoughtpickedf as
up by AE sensors attached to the surface of the ma{®i@I Resource Center,
2012) Mainstream AE semss are designed implementedly on flat surfaces of the
material. In order to determine the location AE event source, simple geometry can be

used with the difference in the arrival times from the recorded AE evEoisever it
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has more recently beeim@wvn thatpiezoelectric film sensor&@ type of AE sensor)
offer the benefit of adaptability to eccentrically shaped surfaces, including being
applied directly onto a welZhou, 2013)

The frequency oacoustic emission wavesay range from tens of kHz to tens of
MHz, depending ortheir source. Within this broad spectrum of frequencies lies the
captured waveform that represents the internal stress distribéoonscrack growth
or other spurious sources of acoustic emissgog, friction between crack surfaces.
Nonetheless, hen crackelated AE signals are isolated froother sources of
acoustic emissionthen the information extracted from the signalan be usedo
monitor crack growttfRabiei, 2A1).

In order tocaptureonly the relevant signalselated to crack growthdata
acquisition systemare set to only record AE amplitudéet rise abovea predefined
threshold value Figure 4.21 shows a burst AE signal and the commonly used
parameters of AE techniques. héh the AEsensorreceivesa signalabove the
threshold limit tharan AE event is captureahd stored The numbeof times the AE
signal passes the established threshold is the count of the AE levann as the AE

count.
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Figure 4.21 AE signal with labeled parameterg(Zhou, 2013)

Cettain features of acoustic emission signals are stochastically correlated with
crack growth model variablesuch as stress intensity factdi), and crack growth
rate’Q ¢bQ G Two of the more commonly used AE parameters that are associated with
crack growth are the AE coumtt,and its derivative, count rat@,#Q ((Rabiei, 2011)

The following formulation is proposed for the relationship betwtbe AE count rate

Q#band the streslk(Bdssim, etal.sliody factor, A

goo o YU (Equation4.21)
Q0

Wherec is defined as the number of times tlaasignal amplitude exceeds a
predefined threshold value, and, And A are the model parameters and mainly

depend on material properties. Rearranging this equation and solvikig:for

YO gwy o (Equation4.22)
Qu

Taking the logof both sides to yid a linear relationship between variables:
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L 1YG | 11 &) | (Equation4.23)

Where | 8 7 and| pfOo are the new model constants to be
determined experimentalfyom data. Thus,Equation4.23 uses data from AE sensors
to estimateand solve fothe stress intensitfactor, the driving force in crack growth
modeling

The stress intensity factor displays the samelitogpr behavior with the AE
count rate’Q @ (§ as it does with the crack growthiQ d8Q i Therefore, substituting

Equationd.23into the Paris equatiofEquationd.4), gives the following relationship:
1 1 - Equation4.24
& | &5 | (Eq )

Wheref andf are the model parameters that describe thelinegr
relationship between AE count rate and crack growth.

The estimation o0 through the use cdicousticemission signalsemoves the
need for complex modelinthat istypically usedin fracture mechanics to calculate
stress intensity factors These computations become especially difficidt 3-
dimensionakases with curved crladronts. While calculations are possible, extensive
computer capacity and experience is oftequired. Nonethelesshe relationship
between the AE events and crack growth rate means that the rate of crack growth can

be estimated solelyn features othe AE signals.
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4.7 Crack Propagation Period Cumulative Damage

Prediction models are often used to obtain information about the crack growth.
Models that predict fatigue crack growth propagation emphasize that crack gsowth
largely dependent on the cyddg-cycle process.Thus, he accumulation of damage
for fatigue crack growth models is consequent of the change in crack,sshb@wn in
Equation4.25, where is the initial crack sizeY® is the change in crack size per

cycle, and is the updated crack sig8chijve, 2009)

a0 Y& (Equation4.25)

Prediction models are referred to as interaction models anentevaction
models. Interaction effects imply that the crack growth rate in a particular cycle is
also dependent on the load history of the precediolgsyrather than an independent
effect from one cycle An interaction prediction model is more often used for
assessment of fatigue crack growth under variable amplitude, livhdse the cyclic
load history may result in growth retardations and accébeat Types of interaction
effects include the sequence effects of loading cycles, the thickness effect of the
material, and the effect of overload cycledratigue testingthat analyze the
consequencefrom interaction prediction models have shaWwat interactioneffects
more often result in crack growth retardations, as opposed to crack growth
accelerationgSchijve, 2009)

A nonrrinteraction prediction model is used if the interaction effects in the
variable amplitude history are assuntecbe absent.Since the type of material and

the thickness of the material will be constant under regardless of the loading type, then
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the basic crack growth data under constant amplitude load should still be
represatative for the conditions of the structure. Thus, aimtgraction crack growth
prediction will then give a first indication about the possible duration of the crack
growth period before complete failurdn a noninteraction model, crack growth in
eadt cycle is assumed to be dependent on the severity of the current cycle only and not
on the load history in the preceding cycles. It is expected that-antevaction model

will lead to a more conservative life prediction than models that account for
interaction effects considering interaction effects account for retardation in crack
growth (Schijve, 2009) A noninteraction model can be used to provide quick and
useful information about fatigue crack growth behavigartialarly crack growth
rates.

The noninteraction prediction modelleads to a simple numerical summation
with Equation4.25 and valuesYsy 'Q 8Q (3 where stress raeg are obtained from
variable amplitude tests and the stress intensity factor from finite element models.
Thus, crack growth data is a function léfand the stress ratio effe&t from the

similarity principle

)

Yo QYL Ry (Equation4.26)

whered is the crack length aftercycles,d is the initial crack length, an¥ is the
crack extensiotY(&in cycle numbei. The crack size at any given time is a function

of the stresitensity factor, as portrayed Eguation4.27,

(Equation4.27)
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4.8 Remaining Useful Lifei Crack Propagation Period

The remaining useful life is calculated by comparing the current crack size of a
specimen to the critical crack size that defines failure of the crack propagation period.
Thecritical crack sizecan be solved for using the value of the stress intensity factor at
failure. This was found from the Charpy-Nbtch Test, detailed in sectioh3.1

Charpy ¥NotchTest Therefore, theritical crack size results in,

(Equation4.28)

The estimate for the fatiguerackpropagation life is significantly influenced by
the initial crack size and is less sensitive to the critical crack siggume ®,
since the definition of the critical crack size is the crack size at faildgeshown in
Figure 4.22, large changes iwvaluesw will result in small chages ofd (Total

Materia, 2015)

o
N

Flaw size, a &

Cycles, N Ny Np

Figure 4.22 Propagation-life curve with final crack sizes
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Using the initial crack size and the critical crack size, the crack growth equation,

Equationd.4, can be rearranged to solve for the number of cyoléslure.

Qm _
" — (Equation4.29)
oY TN w
Equationd.29 after integration yields,
@ @ (Equation4.30)

6 p © Y T

The crack size, after any amountstifess cycles, N, can be solved for with the

following,

< a . — iond4.
A 66 p < T - & (Equation4.31)

Thus the cumulative damage from the fatigue crack propagation life is written as
a percentage of the fatigue life by dividing the current crack Aighy the critical

crack size at failuréd 4
9 A A (Equation4.32)

The remaining useful life is calculated by subtractingititéal crack sizefhfrom the
critical crack size at failureéhat corresponds to the critical crack size at failure
Dividing by the change in crack size using an effective stress range amahtber of

cycles,. hsolvesthe remaining useful life of the structure in termyedrs,

25, —— years (Equation4.33)
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Chapter Five: System Failure due to Fatigue

The designof a steel bridge can potentially increase the susceptibility to fatigue
damage and ultimately affect an inspedassessment tiie damage. Specifically,
aspects of the bridge desigmat influence damage includéte bridge geometrgnd
the corfiguration of the bridge component3he configuration of bridge components
is crucial to properly distributing the applied Isddroughout the structure in order to
maintainits durability. Alorg with the configuration of these components, special
scrutiny should be given to transverse members, i.e.dheal steelplates that are
welded to the longitudinalnembersand are used to either stiffen the longitudinal
membersor used as connection platesamss braces Further, the structural detail
that are used to combine structural members are considered hot spots for fatigue
damage. Using the damage estimatifmmdatigue prone detailsn Chapter 3 and the
fracture mechanics analyses in Chapter 4, these quantitative fatigue assessments can

bestructured into bridge management systems.

5.1 Geometry of the Bridge

Due to geometric constraints caused by intersecting roadways or the terrain of
the construction site bridge may be built to accommodate these constraints. In some
casesthe substructe supports are often set at a skew angle, seEmgime5.1. The
skew angle is the angle between the centerline of a support and a line normal to the

roadway centdine (AASHTO, 2012)
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Figure 5.1 Plan view of bridge with skewed supports(Helwig, et al., 2012)

The cross braces on the bridge can be built to be parallel to the skewed abutment
or built perpendicular to the girder lines. For skew angles greater than 20 degrees,
AASHTO LRFD Bridge Design Specifications 2012 require the cross bracing to be
built perpendicular to the girder line. Otherwise, for skew angles less than 20 degrees,
cross braces can be built parallel to the skewed abutment. Actually, if the skewed
cross frame is properly sized for the stiffness and strength requirements for the
expected dading, then there is no technical reason why a cross frame cannot be
oriented parallel to the skew for angles for angles larger than 20 dé€bledesg, et
al.,, 2012) Under these circumstances, the most important factoornsider is the
length of the cross brace. As the skew angles become larger in size, the cross brace
becomes longer in length, so the stiffness of the cross frame is affected by the skew.

Due to the geometry, the behavior of a bridge with skewed s@pjgornore
complicated than one with normal supports, because the skew angles increase the
interaction between the steel girders and the braces. This interaction often results in

large live load forces in the crefmmes or diaphragms, which can lead atigue
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problems around the brace locatigielwig, et al., 2012) Although, the skewed
bracing creates a more susceptible location for fatigue damage, the severity of the
fatigue damage is dependent on the details and coonedhat are used for the

bracing.

5.2 Bridge Configuration

A bridge is designed to withstand an applied loadr a certain period of time
The configuration of a bridgallows the transfer and distribution of applied loads from
the superstructure components to the substructure comporentfridge inspectors
the redundancy of bridge componeplays an important role in evaluating the bridge
condition, while nonredundd bridge configurations containfracturecritical

members.

5.2.1 Redundancy of Bridges
Redundancy in a bridge provides additional load paths or elements of support in
order to maintain stability. ThEHWA Bridge Design Handbook 20p2ts together
three type®f redundancies that may exist on a bridge strudiestz, 2012) These

classifications are found ifable5b.1.

Table 5.1 Redundancy classifications(Fu, et al., 2014)

Load Path | A member is considered load path redundant if an alternative an
Redundancy | sufficient load path is determined to exist. Load path redundancy
the type of redundancy that designers consider when they count
parallel girders or load paths. However, merely determithiag
alternate load paths exist is not enough. The alternative load pat
must have sufficient capacity to carry the load redistributed to th¢
from an adjacent failed member. If the additional redistributed loi
fails the alternative load path, progressfailure occurs, and the
members could in fact, Beacturecritical. In determining the
sufficiency of alternative load paths, all elements present (primar
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and secondary members) should be considered.

Structural A member is considerestructurally redundant if its boundary
Redundancy | conditions or supports are such that failure of the member merel
changes the boundary or support conditions but does not result i
collapse of the superstructure. Again, the member with modified
support conditioa must be sufficient to carry loads in its new
configuration. For example, the failure of the negatvement
region of a two span continuous girder is not critical to the surviv
the superstructure if the positimeoment region is sufficient to carry
the load as a simply supported girder.

Internal A member is considered internally redundant if alternative and
Redundancy | sufficient load paths exist within the member itself such as the
strands in a wire cable.

When fatigue cracks occurs in a knowocation a determination can be made
about the consequences of the crack in terms of any of the three types of redundancy.
However, the location of future cracks is unknown so it is impossible to be certain
whether a future crack would be protected bgtructural or internal redundancy
(Sobanjo, et al., 2013) Bridge inspectors are concerned primarily with load path
redundancy and can neglect structural and internal redundancy when identifying

fracturecritical members.

5.2.1.1 Fracture-critical structures

A fracturecritical structure is a structure that lacks alternative load paths,
meaning the failure of single primary load carrying member would interrupt the load
flow causing other members to carry more load than which theg designedo
withstand resulting in the failure of the entire structuifeu, et al., 2014) Of all
bridge construction materials, only steel bridge members are designdradtase
critical. A bridge is considerettacturecritical if it contains at least one fracture

critical member in tensioar if portions of the flexural member are subject to tension
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stress A member isfracturecritical if its failure (brittle fracture) would cause a
collapse of a bridge, i.at a minimum the bridge geometry would be rendered as unfit
for use due to partial collapse or total bridge collai&ebanjo, et al., 2013)While

most modern bridges are built with additional load paths to transfer lo#los @ven

of bridge element failure€Sobanjo, et al., 2013pearly 20,000 bridges currently in
service in the United States dracturecritical (Transportation for America, 2013)

Of these 20,00 fracturecritical bridges, an Associated Press analysis found 7,800
have been ranked as structural deficient; a bridge in need of repair or replacement due
to poor conditiongLowy, et al., 2013) Most fracturecritical bridges were built
around World War Il and are nearing the end of their design life; if not having already
surpassed it.Fracturecritical bridges often raise public concern because some of the
worst bridge collapses in U.S. history happened on them, egollapse of the-I

35W Bridge over the Mississippi River in 2007 and the collapse of-th&kagit

River Bridge in 2013 Due to the collapse of these bridges, further inspection
requirements have been added to state agencies to assist with more tstringen
inspection. The primary difference betweefmaturecritical member and a member

that contains a fatigue prone detail is redundancy.

5.2.1.2 Determination of fracturecritical members

Bridge plans and shop drawings for bridges designed after about 1980 are to have
FCMs clearly identifiedFHWA, 2012) For bridges built before 1980, it has been the
responsibility of the inspector to determine which compaame fracturecritical
members Thus, nspection eports from previous inspectioaseparticularly useful in

identifying specific locations that require special attention during an inspedtiase
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reports have chronological inspection records thatude the date and type of
inspection. The records should indicate thigical inspectionfindings relevant but
not limited, to: earthquake datafracturecritical member information, deck
evaluations, and corrosion studies when avail@BlWA, 2012) In cases where a
crack has been detected in previous inspections tracturecritical member, the
location of the crack anftacturecritical members are clearly outlined in previous
inspection reports to receive special mtiten (FHWA, 2012) Information from
earlier inspections can be compared against current conditions to estimate rates of
deterioration and to helgleterminethe seriousness of thdegradationand the
anticipated remaining lifef the structure.

In the event thafracturecritical members are not clearly identifieden finite
element methods caalso be used to determine redundanck threedimensional
finite element structural analysis féacturecriticality can be used tdetermine the

exact consequences to the bridge if member @H8VA, 2012)

5.2.1.3 Fracture-critical members in failure mechanics

The primary members of a bridge are those necessary for the bridge to efficiently
operate under normal operating conditionsSSecondary members are additional
components that may not be part of the main structural systdhprimary bridge
members are o requiredby AASHTO Bridge Design Specifications 2a@bdzhave a
minimum level of fracture toughnes3.he Charpy Vnotch test, discussed in chapter
4, provides an acceptable measure of fracture toughr@sarpy \¢notch testing is
required for all primar longitudinal superstructure components and connections

sustaining tensile stre¢8ASHTO, 2012) These primary components are classified
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as eitherfracturecritical or nonfracturecritical. Due to the sensitivity ofractue-
critical members, theyare required to have higher levels of fracture toughness
compared to the nefmacturecritical members. Table 5.2 and Table 5.3 display the

Charpy \#notch requirements for the appropriate temperature zones.

Table 5.2 AASHTO CVN impact energyrequirements for fracture-critical members

FractureCiritical
Min. Test
Grade Thickness Value
Energy Zone 1 Zone 2 Zone 3
(Y.P.IY.S) (in.) (ft-lbs.) (ft-lbs. @ °F)| (ft-lbs. @ °F)| (ft-lbs. @ °F)
36 0 X 20 25@ 70 25 @ 40 25 @ 10
50/50S/50W 0 X 20 25@ 70 25 @ 40 25 @10
H oF 0 24 30 @ 70 30 @ 40 30 @ 10
HPS 50W 0 X 24 30 @ 10 30 @ 10 30 @ 10
HPS 70W X 28 35 @-10 35 @-10 35 @-10
HPS 100W| G M2 H 28 35 @-30 35 @-30 35 @-30
2MK H f 36 not permitted | not permitted | not permitted

Table 5.3 AASHTO CVN impact energy requirements for nonfracture-critical members

NonfractureCritical
Grade Thickness Zone 1 Zone 2 Zone 3

(Y.P.IY.S) (in.) (ft-lbs. @ °F) | (ft-lbs. @ °F) | (ft-lbs. @ °F)

36 0 X 15@ 70 15 @ 40 15@ 10

50/50S/50W 0 X 15@ 70 15 @ 40 15 @ 10

H o of 0 20 @ 70 20 @ 40 20 @ 10

HPS 50W 0 X 20 @ 10 20 @ 10 20 @ 10

HPS 70W 0 X 25 @-10 25 @-10 25 @-10

HPS 100W| & M2 H 25 @-30 25 @-30 25 @-30

2MK H f 35 @-30 35 @-30 35 @-30

5.2.1.4 Evaluating Fracture-critical Members and Fatigue Prone Details
Fatigue prone details can be located faacturecritical members, but not all

members that have fatigue prone details faaeturecritical. If a redundant steel
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member is in tension and contains at least one of the accepted fatigue sensitive details,
it can be classified as Fatigue Pr¢@zegon DOT, 1996)If a steel member is a non

redundant tension member, it is classified &sa&turecritical member.

5.2.2 Distortion-Induced Fatigue

There are two types of fatigue cases in steel bridgaestinduced fatigue and
distortioninduced fatigue. Until this section, the fatigue assessments described in
chapter three have been for the case of-loddced fatigue. Loathduced fatigue is
the fatigue damage on a bridge detail caused from thelgirepeated cyclic live load
stress ranges. Normally, lo@mbuced fatigue occurs in main members of the steel
bridge because of relatively high stress ranges, or fapguee details with large weld
defects. Loadnduced fatigue is normally caused dpbal and iaplane stress ranges
and prevention against fatigue is controlled by the stress ranges at the specific detalil
(Chen, et al., 2014)

Distortionrinduced fatigue, also known as seconestrgssinduced fatigue is
caused from local relative distortion between bridge members and attached elements.
Distortiorrinduced fatigue often occurs at the gap between a girder top flange and the
connection plate for a crofsame where a continuous load path is interrupted and
camot properly transmit forces from the connection plate to the flarfigure 5.2
provides an illustration of a connection plate that is welded to the web of the girde
and not connected to the top flange. A floor beam is attached to the connection plate
with a bolted connection. For this illustration, distortinduced fatigue will occur
under the passage of traffic when the floor beam begins to rotate as shosler. this

rotation, the bottom flange of the floor beam lengthens under tension and the top
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flange shortens under compression. Lengthening of the bottom flange will not be
restrained because it is pushing into the web of the girder, which is ductile enough
withstand some flexibility. Since the top flange of the girder is restrained by the deck
slab, the shortening of the top flange can only be accommodated by deformation
within the gap at the top of the connection plate. This deformation is also shown in
Figure52, wi th the | abel, —Det ail at gap. |
fatigue cracks could develop either at the weld at the top of the connpletteror at

the webto-flange fillet weld at the girder, or bo{Mertz, 2012) Cracks caused by

out of plane distortion are not covered in AASHTO fatigue categorie€AFHWA,

2012)
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Figure 5.2 Distortion induced fatigue at floor beamto-girder connection (Mertz, 2012)

Cutting the transverse stiffeners short of the flange was standard practice for
many years The purpose was to eliminate welds on the flange that would be
perpendicular to the direction of the stress; a hotspot for fatigue damage. However,

data in the last 20 years has shown that the fatigue life of the detail is independent on
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whether the #ffener terminates in the web or is extended down to the flange.
According toAASHTO LRFD Bridge Design Specifications 20d@nnection plates

should be welded or bolted to both the compression and tension flanges of the cross
section wher aphragm® or c®dsamesoare atlached to transverse
connection plates or to transv@@ASHIO,st i ffen
2012) While distortiorinduced fatigue will be eliminated by design in modern

bridges,it should be on the radar for inspectors who are looking for fatigue damage on

steel bridges.

5.3 Damage Prognosi®f Fatigue Life
Damage prognosis is the esti nGhaper3of a sy

and Chapter 4 presented tl@mage accumulatiomodels that result in th@amage

progno®s for the fatiguecrack initiation life and fatiguecrack propagationlife,

respectively. For structures with existing cracks, tlizsaage accumulatiomodels

are not exclusivéo each otherbut actually linktogether to form aompletefatigue

life-damage prognosis. Thus, fstructuralelements in questiorg fatiguedamage

prognosiscan be computetbr its entire fatigue life Figure5.3 displays the various

aspects of fatigue analyses that are considered in the derivatiofatodueedamage

prognosis.
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Remaining Useful Life
Time to Failure

Figure 5.3 Fatigue damage prognosis with structural health monitoring
The damage prognosis is based on the output of damage accumulation models,
which are compared witlthe outputs fromdamage prediction models. Damage
accumulation models are created by coupling information from simulation modeling
and structural health maaring. Likewise, camageprediction models are created by
coupling material property information with the construction and design of the
structural element. Therefore, a complete damage prognosis attempts to forecast

system performance by measuring therent state of the system, estimgtfuture
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loads for that system andltimately determning the remaining useful life of the

system(Farrar, et al., 2003)

5.4 Integration of Damage Prognosis with ConditionStates

State Depdaments of Transportation (DOTs) report their bridge inspection
findings using AASHTO Pontis softwarewhich poses the guidelines faaptuing
damageof bridge elements. As discussed heavil\Cimapter Two the conditions of
bridge elements are categorized into element conditaedo reflect these damages.
The AASHTO Pontis software is most useful for state DOTSs, sinpeoitidesan
internal tool formapping the element conditiatatesback into the national condition
ratings federal law requires all states are required to report the condition of their
bridges in terms of the national bridge condition ratinfise AASHTO Pontisystem
considers fatigue damage as a Commonly Recognized Elements (CéRejue
damage asmAASHTO CoRe istranslated into the national bridge management

element (NBE)as displayed ifrigure5.4

Condition State 1 Condition State 2, Condition State 3
CoRe ' . _
Smart Flag Repaired Exists _ Exists _
Fatigue No Repair Reduced Capacit;
Condition State 1 Condition State 2 Condition State 3 Condition State 4
National .
Bridge No Defects Not Repaired Measurable Loss Loss of Capacity
Elements Capacity OK Capacity OK

Figure 5.4 CoRe fatigue elements mapped into national bridge elements
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After the translation ofhe fatigue smart flags into the national bridge element

condition states, a more intricate description fatigue damage at each conditios state

established, as seenTable5.4.

Table 5.4 Fatigue condition states translated intanational bridge element(MDSHA, 2003)

Condition State| Condition State| Condition State|Condition State
Defect 1 2 3 4
(good) (fair) (poor) (severe)
. Analysis Severe Fatigue
Fatigue Damag Warranted Damage
Fatigue damage Fa_tlgue d_amag
. . ZTexists which
: Fatigue damage exists which is warrants
Cracking/ : notarrested. :
X None exists but has " analysis of the
Fatigue . Condition State
been repaired o : element to
used for first :
arrested. The | . _|ascertain the
time element is . -
element may stil. . : serviceability of
. identified with
be fatigue prone the element or
crack )
bridge

The condition states iable5.4 can be used with the fatigue life curve in order
to gather quantitative information of the fatigue life. An elemertandition state
one(CS1)is considered a new element in -ke newll condition; it has no fatigue
damage presentThis element falls withirthe early stages of the cradife-initiation
period. Condition statetwo (CS2)recognizes fatigue damage. This damage could be
found from a stressycle analysis that showedetlstructure was nearing the end of the
crack initiation life or could be the result of a visual inspecfiom of a small crack
that is considered by inspectors to not be in immediate need of. répaklement in
condition state twowill be approachinghe critical crack size of the crack initiation
period and is merging into the crack propagation period. Thus fatigue damage in
condition state threg(CS3)is midway through the propagation life. Conditistate

three explicitly calls for additional analye s . I n
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deterioration modeling be used for fatigue damage in order to assess the damage and
evaluate the probability of transitioning from condition stgtd®SHA, 2003) A
stresscycle hstory can be used to obtain information about the daily or yearly cycle
count and stress ranges on the structure. In the even there is enough information about
the crack, crack growth models can be used to obtain information about the crack
growth rate. This is particularly important information to obtain if the fatigue damage

is on a primary component of the structuFénally, an element icondition state four

(CS4)is in need of immediate rehabilitation or replacement. Analysis should still be
used to understand the problem with this section of the bridge in order to make

appropriate changes and to increase the bridge life.
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Figure 5.5 BME condition states integrated into fatigue life curve
A description of the national bridge element condition states are described in
Table5.4 andis used in parallel witfable5.5, which hosts theommonly employed
feasi bl e actions that i nspectors and state

of their bridge. These feasible actionwere put together by the FW#A Bridge
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Preservation Guidewhich providesa framework fora preventive maintenance
programfor bridge owners or agencies

Table 5.5 Actions associated with bridge element condition statdFHWA, 2011)

Condition State 1 | Condition State 2 | Condition State 3 | Condition State 4

Do Nothing Preventive Rehabilitation Rehabilitation or
Maintenance Replacement

5.4.1 Calculation of Total Damage from Stress Cycles and Fracture
Recall from Equation 3.19, now rewritten inEquation 5.1, the cumulative
damage for the eck initiation periolQhwas assessed wusing Miner

effective stress range.
Q (Equation5.1)

From Equation4.32, now rewritten inEquation5.2, the cumulative damageif
the crack propagation perid@ hwas assessed using Paris Law based on the stress

intensity factor.
Q Aa (Equation5.2)

The damage in the initiation period and the damage in the propagation period can be

combined to assess the total cumulative fatigue dawragespecific component:

' QR 0 E ion5.3
O o Of U 5 (Equation5.3)
where 'Q is obtained fromEquation5.1 and Q is obtained fromEquation 5.2.

However, each period does not occur over equal lengths of time. In order to more

appropriately characterize the cumulative damage with the rate of darnaffeients
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| and| can beused to represent the relative impact of the stgsle damagerad

crack growth damage, respectively.

0O . —~ (Equation5.4)

Testing data has shown that the fatigue life spends the majority of time in the crack
initiation period. For instance, ince Q and ‘Q represent the amount of fatigue
damage (% damage) at certain stages, a valugofd)., anda value of 0.30 for

may approximate the proportion @ andQ . These coefficients can be altered from
the results of additional testing, in order to reflect the rate of damage. Altering these
coefficients should not alter the condition staltestead, altering the coefficient would

mean altering the percentages@®r , shown inTable5.6.

Table 5.6 Mapping of damage calculations into condition states

g | o | o
cs1 1o % 0° 35%
cs2 % o 35 70%
cs3 | o % 700 85%
CS4 % o | 85° 100%
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5.5 Integration of DamagePrognosis intoFederal Condition Ratings

In the paper Effect of Local Damage Caused by Overweight Trucks on the
Durability of Steel Bridgesthat studied the durability adeterioratingsteel bridge
components a finite element model was used to quantify the danmydridge
elementsfrom traffic loads and environmental factqGha, et al., 2015) The total
cumulative damage of the bridge was taken to be an average adriageof each
bridge element To map the total cumulative damaggh the conditiorratings in the

National Bridge Inventory, the follawg linear relationshipsvas used:

0 i 0 I w #2 (Equation5.5)
0

where0 is the total number of elements in the FE model @nd is the total
damage(loading and environmentafpr the particular elemerand O is the
total cumulative damage index for the entire bridddis relationship maps the NBI
condition ratings, CR (9 for excellent down to 2 for extremely critical), into the scale
for the for the damage index (0O for no damage to 1 for complete damage) with an
appropriate factor of proportionalityll. In accordance with the study, the
proportianality factor wasassigned a value d.7. This value was assignedter
careful deliberation over what factor would constitute a realistic match between the
observed damage in the FE model and the one reported by a bridge inépkatast
al., 2015)

In a similar fashion, the damage accumulation from fatigg@ation5.3, can
be mapped into the NBI condition ratingsA good way tosee how the damage

accumulation models should fit into the fedecahdition ratings is to look at the
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—c ommo n | y feagsibfe ladignepdt forth inthe Bridge Preservation Guide.
The feasible actions for the condition ratings are the same feastiasator the

condition statesTable5.5). Therefore, tis useful to use thactionsfrom the Bridge

Preservation Guide toorrelate the conditiontates with the condition ratingsA

description of the condition ratings is providediable2.2.

Table 5.7 Actions associated with NBI condition ratinggFHWA, 2011)

Feasible Actions

Maintenance

and/or repairs

Condition Condition Ratings | Condition Ratings Con(_jmon
Ratings 9,87 6,5 Ratings
il ' 4,3,2,1
Commonl Do Nothing Preventive Rehabilitation or
y Preventive Maintenance; Replacement
Employed

Condition States

Condition State 1 & 2

Condition State 3

Condition State 4
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Chapter Six: Validation of Fatigue-Damage Accumulation Model
by Field Test andData Processing

The fatigue analysis in this paper was condu@sedoart of theJniversity of
Maryland project to design and implement an integrated structural health monitoring
system that is particularly suited for fatigue detection on highway bridDesafor
the analysesvas acquired from highwaybridge carrying traffic frominterstate 270
(1-270) over Middlebrook Roaéh Germantown, MDseen inFigure6.1. Thisbridge

is referred to as the Middlebrook Bridge.

Figure 6.1 Maryland bridge carrying | -270 over Middlebrook Road

The Middlebrook Road Bridge was built in 1980 and at the time of testing the
bridge was 32 years oldwith help from Maryland bridge inspectors, this bridge was
selected as a good candidate for fatigue monitoring due tavitiage daily truck
traffic, the bridge’ s ma i thet geometnicc @nfighratisnanal rthe,

identification of existing fatigue cracks on the connection plates.
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The Middlebrook Bidge is a composite steeldirder bridge consistingf 17
welded steel platgirders with a spatength of 140 ft. The bridge has three traffic
lanes in the southbound roadway and five traffic lanes in the northbound; i.e. a high
occupancy vehicle lane, an exit lane, and three travel |dfies.fatigue cracks were
reported in the Maryland State Higay June 2011 Bridge Inspection Report. These
five cracks were all found in the welded connections between the lower end of the
cross brace connection plate and the girder bottom flange. The framing plgane
6.2 shows theife identifiedcrack locations. All are in the Southbound Roadway and

are near the center of the simple span; where the largest deflection will take place.
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Cross Section-A

Figure 6.2 1-270 Bridge framing plan and cross section
The +270 Bridge is built with skewed supports, in order to accodate the

intersecting roadwayMiddlebrook Road below the bridge. Due to the skewed
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supports the corresponding cross frames are also built with skewed angles.

Middlebrook Bridge was built with ¥orace cross frame, seenfigure6.3.

Figure 6.3 K-type cross brace on Middlebrook Bridge

The skew angle of the cross framasebuilt to code andirein accordance with
AASHTO LRFD Bridge Design Specifications 2012; so long as the skew angle is less
than 20 degrees. As previously mentioned in sed@idrGeometry of the Bridgea
bridge with skewed cross bracés more prone to fatigue damagbeecauseits
geometric configuratioenhances thieve load effects The connections of the skewed
cross braces are bent at an angle in order to connect with the transverse stiffeners of
the bridge girders. When the bridge girders deflect, this angle introduces a bending
effect ino the transverse stéhers. The load direction on the connection plates is

illustrated inFigure6.4.
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Figure 6.4 Magnified plan view of cross frame and angle of attachment

6.1 Structural Health Monitoring

The monitoring and testing for thisgpect was done in part of a larger project: to
develop an integrated structural health monitoring system (ISHM) to monitor the
health of steel highway bridges. For this project, the goal of an ISHM system was to
specifically integrate various technologiasd sensing instrumentation that are used
for fatigue monitoring, i.e. crack detection and crack growtlis instrumentation
provides conditiorbased feedbaosf a structures response to various loadings, which
can ultimately reduce uncertainties indge health conditions. An ISHM requires

proper selection of sensor types, the correct number of sensors, sensor locations, and a
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suitable data acquisition (DAQ) system that meets the data management demands.
Pilot testing as performed sing acoustic emiss(AE) sensors, accelerometers,

displacement sensors and strain sensors for bridge information collection.

6.2 Data Acquisition Selection

The selected DAQ systewas configured taneet the requirements of the ISHM
system; toread and record data from stragauges as well as acoustic emission
sensors. The selection of the data acquisition system was primarily based on the
hardware requirements of the AE sensors, which require a high sampling rate. To
meet this requirement, National Instruments (NI) X05 Digitizer/Oscilloscope
module was selected because of its high sampling rate of 60 MS/s and has the
capability of recording eight simultaneously sampled char(ihd|s2010) The DAQ
system was also composed of National Instruments-B33&bridge input module,
which takes signals from briddeased sensors or bridge circuits (strain gauges and
string potentiometers) and converts the signals into a form the instrumentation c
process. Nati onal I nstrument’s bridge inp
8 channels, provides signal conditioning, contains internal ateldmital
conversion and internal filters to remove nqisé 2011) To complete the DAQ, the
PXI system functions from an embedded controller, which cuts out the need for an
external PC. The embedded controller features the functionality of a typical PC, such
as an integrated CPU, hard drive, memory, Ethernet, USB, ,vide@l (NI, 2012)
The PXI system was a good fit for our application because during field testing it was
necessary to have durable equipment and NI

shockwave testing and have the abildyfunction in high temperatures.
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6.2.1 Preliminary Monitoring
Shortterm testing was done with the sensors to first gather sandamental
understanding of the structures local behavi@iial strain gages were placed in the
vertical direction on both side$ the connection plates, where cracks were previously
detected by bridge inspectorkigure 6.5 displays the relative location of the sensors
in the plan view alongvith a cross section of the sensor locations, which defined by a

circle. The circles with a bold (red) outline are the crack locations.
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Figure 6.5 Location of sensors for preliminary testing
Figure6.6 shows the recorded stresses corresponding to the crack locations. The
color of the circle corresponds with the color of the recorded data. The datadshowe
the maximum measured stress in the connection plates to be 16.1 ksi in tension for

BDI 1641 on Girder 15 and 16.1 ksi in tension for Girder 14. In comparison, the
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maximum stress measured on the connection plates on the opposite side méakured
ksi in compression for Girder 15 ar8l9 ksi in compression for Girder 14. Itis clear
the cause of the crack is due to the high tension force that is experienced by the

connection plate.
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Figure 6.6 Stress data on web stiffeners to illustrate compression and tension
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6.3 Long-Term Monitoring and Data Processing

Figure 6.7 Connection platewith known crack Girder 15

A connection plate of a stegirder highway bridge is consideréat long-term
monitoring, shown irFigure6.7. This connection plate was identified from Maryland
State Bridge inspectors to have an existiogve crack, i.e. a cradkatis growing in
size. Thecrackwas found in the weld that connects tumnection platéo the top of
the lower flangeandwasdescribd in inspection reporta s, —..very fine, cr

top of the EMDBHAN2018) de wel dI
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Figure 6.8 Placement of strain gauge on high tension web stiffener

Only one strain transducer was used to continue monitoring the bridge in-a long
term monitoring evaluation. The strain transducer was placed on one of the stiffeners
that showed to high tension stress (location of sensor BDI 1641) aralssasported
by the Maryland State Inspectors to have an existing crack, shdwgure6.7. The
bridge itself is loaded in bending by the dynamic effects caused tiienvehicle
passage. Specificallfigure 6.9 displaysa sample othe acquired stress data as a
function of time that was taken from a connection plate. vEm&ion in loading of
the load spectrm on the connection plate is dependent on the number of vehicles
passing the bridge and the weight of the vehicle. Given that the traffic volumes and

patterns are sporadic, the bridge loads are considered to be sporadic.
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Figure 6.9 lllustration of variable amplitude loading

6.3.1 Data Detrending
Figure 6.10 shows 4.5 days of collected data where drift occurred in the data.
Because the drift behaves the same way over the course of 24 hours, it is conceivable
that it is the result of daily tempaure fluctuation. This data can be detrended to
remove the drift from the data. The process of detrending removes the linefir best
line from the data. By removing the drift from the analysis,féigue analysis can
concentraten the variable ampude fluctuations, which would otherwise be skewed

from the drift.
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Figure 6.10 Illustration of drift that occurred in acquired data

The process of data detrending is showirigure6.11. The firstplot displays
raw straindata where there is a downwadft in the data that is visible at about 3000
seconds. Thiplot also displays the multiple linear trendlgn@here the acquired data
is broken upnto sections that ar®® bedetrended.The second pladisplays thestrain
data after it has been detrendeds the plot displays thdrift is removed and the
strain data more accurately represents the strain values the connection is experiencing.
The last plot shows a conversion from strain to stress measurements. It is often
helpful to convert strain measurements to stress; theensenientfor comparative

purpases since units of stress ammare common way of representing fatigue data.
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Figure 6.11 Detrending on a segment of strain data

6.4 Fatigue Analysis

After detrending, the strain data i®nverted to stress for linear damage

accumulation modejsvhere stress ranges are the main contribution to fatigue damage.

6.4.1 Rainflow Counting
With variable amplitude stress history, there is a need to associatariable
stress cycles within a particular stress rarfigainflow method is the most popular and
considered the best method of cycle counting and is described in the standard of the

American Society for Testing and Materials
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Figure 6.12 Rainflow cycle counting implemented on variable amplitude stress

6.4.2 Extrapolation Results

The purpose of the extrapolation was to fill in the missing days of acquired data,
which are represented Figure6.13. The extrapolation was done using the algorithm
put forth in section,3.2.6 Extrapolation of Load Histories The method of
extrapolation that has been applied to the fatigue data is done in the rainflow domain.
The results ofthe extrapolated rainflow matrix were modeled from a measured
rainflow history, where the density of rainflow cycles was calculated. The calculation
of this density provided the number of stress cycles and stress ranges that were to be

estimated for ceain hours of the day.
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6.4.3 Effective Stress Range
Using the histogram fooneyearof measured and extrapolated data points, the

effective stress range was calculated:

Y [y (Equation6.1)

The fatigue prone details that fit the loading and geometry of the bridge
component are listed imable 6.1. The table displays the constant amplitude and
threshold ér Category C details; welded joints that are transverse to the direction of
primary stress.

Table 6.1 Selected detail categories for loathduced fatigue (AASHTO, 2012)

Constant | Threshold

A (Af) rz | Potential Crack
Description Category (ksis) ksi Initiation Point Tlustrative Examples

: 8 -—
Base metal and weld metal in C 44 % 10 10 From the / CJP
or adjacent to the toe of complete surface
joint penetration groove welded T discontinuity at
or corner joints, or in complete the toe of the
joint penetration groove welded weld extending
butt splices, with or without into the base —

CJP WI Weld

transitions in thickness having metal or along
. Rainf, in Place
slopes no greater than 1:2.5 when the fusion
weld reinforcement is not removed. boundary 'EE_’
(Note: cracking in the flange of the
“T” may occur due to out-of-plane

bending stresses induced by the

stem).

Base metal and weld metal at C 44 x 10° 10 Initiating from
details where loaded discontinuous the geometrical
plate elements are connected with a discontinuity at
pair of fillet welds or partial joint the toe of the
penetration groove welds on weld extending
opposite sides of the plate normal into the base
to the direction of primary stress. metal or

initiating at the
weld root subject
to tension

———

| S —

extending up and
then out through
the weld

The number of cycles to failure for a category C detail in thd &urve is was

calculated:
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T 103 (Equation6.2)

The number of cycles to failure is basgdthe effective stress rang&he histograms
show that an wproportionally large amount of cycles ocsat smaller stress ranges.
Therefore the stress ranges are truncated areffective stress range solved for
For this case study, a truncation stress of .5CAFL was used, whimhnged to the
effective stress range 0f = 7.228 ksi. At different levels of truncation stresses the

effectivestress range will be differenvherethe relationship is shown figure6.14.

10

!

Truncation Stress (ksi)
()]
]

0 r r r r r : r r r

3 4 5 6 7 8 9 10
Stress Range (ksi)

Effective Stress Range = 7.228 ksi

Figure 6.14 Relationship between the truncation stress and the effective stress range
Section3.3.2.3Truncation Stress Range for FatigDetails providesa description of
the optional tuncation stressNevertheless, fatigue theory tells us tadarger stress

range will mean a fewer number of cyctedailure, illustrated irFigure6.15.
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Figure 6.15 Number of cycles to failure based on effective stress range

6.4.4 Remaining Useful Lifefor Crack Initiation
The SN curve is used to make predictions of the fatigue life based on the fatigue
prone caggories, described iB.3.2 Application of SN Curve The AASHTO SN
curve is provided inFigure 6.16. An additional point is plotted on this curve to
display the amount of fatigue damage after one year.
The length (years) of the crack initiation period is definedElyation3.21,

rewritten here agquation6.4.

25, years (Equation6.3)
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Figure 6.16 AASHTO S-N curve with point of 1-year damage plotted

In accordance with the histograms for this case stuslytha effective stress
range increases, the number of stress cycles decreases dramatically. For this reason,
the fatigue life of the specimen actually increases with the effective stress range,
displaya in Figure 6.17. Without including an increase in traffic volumes, the
effective stress range and number of cycles are assumed consistent for each year.
From Equation6.3, the estimated fatigue live for the crack initiation period was 18.0
years. Figure6.18 displays the yearly accumulation until failure is reached on iNe S

curve.
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Figure 6.18 AASHTO S-N curve with cumulative points plotted until failure
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6.5 Fracture Analysis

6.5.1 Finite Element Modeling
As discussed irChapter Fourthe finite element method is the masicurate
method for determing the stress intensity factor The ability of finite element
modelsto create a very finite mesh at the crack tip providenuch needednsight
into the localized stredteld. In order to nvestigatestresses ithese smaller bridge
components ostructural detad, a smallersubmode| i.e. a local modelshould be

extracted from a larger global model.

Figure 6.19 Global model of Middlebrook Bridge (Fu, et al., 2014)

A threedimensional global model of the southbound diregt®sen inFigure
6.1, was created in CSiBridge; an analysis and design software tool used to evaluate a

bridge sesponse The concrete deck, eighigirders, and connection plategere
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modeled by shell elem&s) whereas all the diaphragms were modeled by truss
elements. The global model contains only the main components of the bridge and is
mainly used for modal analysis, finding the displacement output of the whole bridge,
and critical fatigue location detarnation known as hotspots, i.e. the locations of
known high tensile strengthFor the purpose of analysidiet global model used a
refined mesh around thiatigue hot spots(Fu, et al., 2014)The refined mesh is
depicted in the bottom of the connection plate&igure 6.20. However, since the
interest is to obtain a stress intensity factor; the globalaeinoannot beany more
refined and a local model of this critical region was createdtterpurpose of

understanding the stress field around the crack

Figure 6.20K -brace, connection plate and girder on global moddFu, et al., 2014)

It is crucial when modeling a local refined model to ensure the boundary
conditions are set up to correctly reflect its mechanical connections to dbal gl
model. The followingguidelines are typically followed when going from a global to

local model(Fu, et al., 2014)
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1 The boundary nodes should apply the same displacements obtained from the

global model.

1 The boundary nodeshould apply the same external forces obtained from the

global model as internal forces.

In accordance with the guideline$iet resulting deflections (displacements) of the
global model were applied to the perimeter of théocal model as enforced
displacements. Since the deflections are a result of the loading, applying the
deflectionssimulatesthe loads transferred across a fbeely section of the global
modelwhere the local model resides. Further the stress loads at the |anfation

strain gage were applied to the local model at the corresponding perimeter location.
Figure 6.21 displays the location of the local model dretglobal structure. This

location is described with white lines that outline the local model geometry.

| i

Figure 6.21 Location of local model within the global model
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Figure 6.22 displays the three dimensional local finite element model that has been

meshed. This model shows how the elements were defined and broken down across

the local geometry.

FTFMEINTS

Figure 6.22 Three Dimensional local finite element model meshed into elements
Since the purpose of the local model is to find the stress intensity factor, the
problem can be treated in tvddmensionsas discussed i#.4Validating FEM Models
with a simple LEFM model Figure 6.23 displays thetwo-dimensionallocal model
with applied displacements and force&n orange rectangle outlines the location of

the existing crack, which is magnified kingure6.24.
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Figure 6.23 Finite element local model with applied displacements and forces
As seen inFigure 6.24, a fine mesh is created around freviouslyidentified
existing crack. The crack was modeled with an assumed depth of 1/10 inch; which is
approximately the length of theepetration oftie fusion in a fillet weld So the crack

was assumed to occur at the depth of penetration.
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Figure 6.24 Radial elements at the crack tip

Figure6.25 andFigure6.26 display the stress contour of thegmponent of the
cross section.Figure6.25 shows the front of the local modeThe contour legend at
the bottom represents the stress in units of pBhe deformed shape shows the
bending in the connection platghich is from the load of the bottom diagondihe
bending in the illustration is magnified by about 2.5% of the actual bending
experienced.Figure6.26 shows a magnified view dfigure6.25 at the location of the
crack. The plastic zone at the cragk is more apparent in this graphic. Since the
stress field at the crack tip smaller than the connection plate thickness, then plane
strain governs. The displacement extrapolation for solving the stress intensity factor

was also based on plane straamditions.
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Figure 6.25 Stress contour (Y-Component) of connection between stiffener and flange
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Figure 6.26 Stress contour (Y-Component) of crack between stiffener and flange

6.5.1.1 Stress Intensity Factor
The crack path was defined using four nodes along the crack face and one node

at the crack tip, where the radial elememéseconfigured.
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Figure 6.27 SIF for two-dimensional crack modeled at toe of weld
Rearranging the equation for the stress intensity factoshhpefactor is solved

for with theknowninputvalues.

[ —— (Equation6.4)
Y 1] w

Under the parameters, o @& ¢ Ri @A Q¢ and'Y Ld TQI, Q

then the geometrishapefactor is solved to be:

I wwow (Equation6.5)

6.5.2 Damage Tolerance andrracture Toughness
The specifications of the American Society for Testing and Materials (ASTM)
for A572 Grade 50 steel requires a minimum vyield strength value of 50 ksi. The

fracture toughness equati@sdiscussed isection4.3 Fracture Toughness

0 L6 oo (Equation6.6)
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For zone 2 temperature, i.e19F to -30°F), the fracture toughness of a non

fracturecritical Grade 50 steel is 20-th @ °F. Therefore, the fracture toughness for

this steel is computed to b6, p& x Wi V®E The critical crack lengthhat
corresponds to the fracture toughnesmes from the fracture mechanics equation for

critical stress intensity factorUnder the parameters that fit the Middlebrook Bridge,
0 P& X Wi VE 8 w,wand"Y L® TIQI, ®en the geometric factor is

solved to be:
W — & Q¢ (Equation6.7)
The relationship between the critical crack size and the change in effective stress

range is shown ifigure6.28.
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Figure 6.28 Change in critical crack size based on effective stress range
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6.5.3 Crack Growth Rate
The crack growth rateseen inEquation4.4 and rewritten inEquation6.8 is
dependent on the range of the stress interigtior. C and m are parameters that

depend on the material, environment, frequency, temperature and stress ratio.

ﬁ_(_*) # Y+ (Equation6.8)

Since the interest here is a steel material, the valkgeeshosen as m3 and C =
10, Using a week of measured data from the bridge, the stress intensity factor varies
with the stress ranges due to the similarity principle, describé®igStress Intensity
Factor and Similarity Factar The relationship between the crack growth rate and the

stress intensity factor is portrayedrigure6.29.
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Figure 6.29 Paris Law for fatigue crack growth rates
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Paris law is more often plotted on a logarithmic scale, to show a linear
relationship between the stress intensity factor can the crack growth rate. This plot is

shown inFigure6.30.
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Figure 6.30 Paris Law for fatigue crack growth rates, loglog

6.5.1 Remaining Useful Life for Crack Propagation
The accumulation of damage for fatigue crack growth models is consequent of
the change in crack siza, shown inEquation4.25, wherew is the initial crack size,
Y& is the change in crack size per cycle, ands the updated crack siZ&chijve,

2009)

O © Yo (Equation6.9)
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The crack size at any given time is a function of the stress intensity factor, as

portrayed inEquation4.27,

(Equation6.10)

The relationship between the crack size and the change in effective stress range is

shown inFigure6.31.
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Figure 6.31 Variation in crack size changes with the effective stress range
Using the critical crack size ifigure 6.28 and the incremental crack size in
Figure6.31, the two plots can be plotted on the same gtapthow the relationships
with each otherFigure6.32. This figure also plots the critical crack size for the case

where a fracture critical member exists.
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Figure 6.32 Relationship of crack size to critical crack size
The remaining useful life is calculated by subtracting ithigal crack size/h
from the critical crack size at failuréhat corresponds to theritical crack size at
failure. Dividing by the change in crack size using an effective stress range and the
number of cycles,. hsolves the remaining useful life of the structure in terms of

years,

25, —— years (Equation6.11)

Figure6.33 shows the relationship between the number of years to failure and the
effective stress rangeabed on the crack propertieAccordingly, under the effective
stress range fdhe Middlebrook Bridgethe number of years until a critical crack size

is reached in the propagation period is 9.6 years.
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Figure 6.33 Number of Years to failure based on the crack growth rate
Since the bridge inspectors first noticed the bridge cracking in 20Xhe time of
testing (20122013), the crack had been perd for 12 years In 2014, whenhe
crack was repaired, the remaining useful life for this bridge element was calculated to

be 6.6 years tdailure.
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6.6 Total Cumulative Damage
The damage in the initiation period and the damage in the propagation period can

be combined to assess the taamnulative fatigue damagm a specific component

5
- " " (Equation6.12)

o | Qh 0
Q | Qh 0 0

|
SinceQ and'’Q represent the amount of fatigue damage (% damage) at certain stages,

for this case studya valueof 0.70 for | and a value of 0.30 fof  would

approximate the proportion 1, which was estimated to be approximately 18.0 years

andQ which was approximated to be 9.6 years.

Table 6.2 Mapping of damage calculations into condition states

ot [ o | o
Ccs1 1o % 0° 35%
cs2 % o 35° 70%
Ccs3 e % 700 85%
CS4 % o | 85° 100%

During the 2011 bridge inspection report, the crack was first visiljleth an
initial crack size of 0.05 inches, the calculated percent damage was approximately
83.3%. This would define the bridge element as condistate 3 which corresponds
to a condition state descriptipnfatigue damageexists which is not arrestedl In
2014, when the crack was repaired, the calculated percent damage was 87.2%

correlating to condition state 4Fatigue damage exists which wants analysis of the

These condi

element to ascertain the serviceability of the element or bfidge
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state descriptions areutlinesin Table 5.4, which is also belown Table 6.3 for

reference

Table 6.3 Fatigue condition states translated into national bridge elemer{tMDSHA, 2003)

Condition State

Condition State

Condition State

Condition State

arrested. The
element may sti
be fatigue prone

used foffirst
time element is
identified with
crack

Defect 1 2 3 4
(good) (fair) (poor) (severe)
Fatiue Damaad Analysis Severe Fatigue
9 9 warranted Damage
. Fatigue damag
Fatigue damage i< which
: Fatigue damage exists which is warrants
Cracking/ : not arrested. .
X None exists but has " analysis of the
Fatigue . Condition State
been repaired o element to

ascertain the
serviceability of
the element or
bridge
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Chapter Seven Conclusionsand Future Research
7.1 Conclusions

As aging steelbridges continue to experience increasing traffic volumes and are
progressively more vulnerable tatigue deterioration there is increasing demand to
assure their long term healtRue to the dynamic nature of the loadsjgueinduced
damageremains to be arpnary failure mechanism. The ability to assess the
cumulative fatigue damage is critical to ensuring the structural integritythefse
agingsteelbridges.

This dissertatiomesearchaims toestablish a damage accumulation model used
for the damage prognosessitéel highwayoridges through the use ekistingfatigue
analyses mthods and fracture mechanics. The proposed damage accumulation model
goes beyond the current fatigue assessmerttdopiln in AASHTO LRFD Bridge
Design Specifications Further, this dissertation provides a means for mapping the
fatigue damage prognosesta the condition states assessmemtghin bridge
management system3.o verify the damage accumulation modeligaé damage was
collected on an existing highway bridge and the data was processed to determine a
damage prognosespecifically the major findings of this research are summarized as
follows,

A Fatigue life carbe more accuratelgharacterizedvith two different methods
of analysisthat define the exponential form of a fatigue life cyrusing the
empirical correlation approach and fracture mechanics approach

A The fatigue damage assessments put forth in AASHTO LRFD Bridge Design

Specificationscan be supgdpmented with a fracture mechanics analysis.
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Currenty, there is no defined method for fracture mechamc®ASHTO
specifications.

Structural health monitoring has aignificant contribution in damage
prognosis. Sensing instrumentatican beused toacquire information about a
bridge’ s response t oan beoused #.lineatadge s i nf o
accumulation modeland also used in fracture mechanics to understand crack
growth.

Utility programs for data collection and analysised tobe used alongside
structural health monitoring instrumentation in order to acquire the pertinent
information relative to fatigudamage. These utility pograms includedata
detrendingrainflow-cycle countingextrapolation, and damage estimations.
Extrapolation of data can be achieved in the rainflow domain, which outputs an
extrapolated rainflow matrix Extrapolation in the rainflow domain offers the
most computationally friendly approach and can estimate the rainflow matrix
for an infinitenumberof cycles. Extrapolationonvertsshortterm monitoring

into longterm monitoring, with the capability to account for even higher loads
than what was measured.

The lineardamage accumulation rule, aka the Miner Rsifmuld only beused

for fatiguecrack-initiation life assessmentsather than for total fatigue life
estimates The multiple shortcomings of tiidiner Rule, described ir8.3.1.1
Shortcomingsf the Miner Ruleshould be realized.There are arrenty no
fatigue analysismethodsused by bridge inspectothat account for these

shortcomings.
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The displacement extrapolation usedimte element modelingis capable of
providing accurate information abouatigue cracks on stressed bridge
elements with complex geometries. Specifically, the displacement
extrapolation methoatonputesthe stress intensity factdor a crack of a
known size

The initial crack size will dictate the accuracy and effectigsnef finite
element modelingSince the main purpose of the finite element modeling is to
solve for the stress intensitgictor, having an accurate crack size is the most
important parameter; assumitige remote loading stress was measured and
acquiredfrom sensors.

Damage accumulation models can be used for ev&uation of bridge
elements.Thedamage accumulatiamodels areuseful for estimating both the
cumulative number of cycles and tlamage prognosis, i.eemaininguseful

life.

Bridge management systems can be supported with damagedation
models. These models, whigre highly influenced from the feledck of
structural health monitoring technologiesan be mapped intdASHTO
condition states with a linear translator taol In the event that all bridge
elements are being monitored then tleeimulativedamage prognosis can be

integrated in to the fedairhighway condition ratings.
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7.3 Recommendation ofFuture Research

This dissertation provided a lengthy review of bridge management systems and
how the conditionassessments are translated into condition ratings. This section, not
only contains theuggetions for next steps to be taken on this resetauis, but also
provides recommendations on how to fulfil a more organized federal bridge
management systenkurthermore, an additional section is provided that discusses the
impactof structural healttmonitoring on the future of bridge management systems.

The following researctopicsare recommender future work:

A Verification of crack growth prediction models is limited in literature; it was
previously assumed the crack growth period vedatively short and could be
disregarded. Additional testing should be conducted to obtain empirical
information on crack growth lives. This information would be partityla
useful on structures witmaexisting and active crack.

A Damage accumulatiormodels contain high levels of uncertaingnd
variability. Uncertainty exists as physical uncertainty or model uncertainty.
orde to account for the uncertaintjesochastic damage accumulation models
should be used alongside deterministic moddéPsobabilistic models can be
used to account for the inherent scatter in fatigue data.

A Reliability models can also be used for determination of failure probabilities
and estimating the fatigue lifelt may be particularly useful to describe the
initial crack size using a probability density function.

A Further experimental validation is needed for usedaiage accumulation

modelswith condition states.
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7.3.1 Condition Ratings Modifications
Bridge element condition assessments should be modified to one uniform

assessment process and should be used by the National Bridge Inventory. This is a
feasible task since vast majority of agencies are already doing element orspecti
based on the Pontis system criteaad have adopted the condition assessments for
CoRe elements. Furthermore, using element condition assessments as the National
Bridge Ratings would also eliminate the need for the NBI translation tool, which has
been found to have many shortcomings and should be modified. For instance, some
bridge engieers have reported concerns regarding the efficiency of the Translator.
Under analyses to measure the fit between the NBI generated ratings and real bridge
ratings, the coefficient of determination was found to be 25%; indicating a poor fit
between then{fAldemir-Bektas, et al., 2007) Furthermore, it has also been shown
that the NBI translator consistently estimates lower ratings than should be designated
(Aldemir-Bektas, et al., 2007) These results have also been reinforced by the
National Cooperative Highway Research Program (NCHRP), which has stated
(NCHRP, 2007)

Al The NBI Transl ator] éis not able to make

9) and lowest (0 to 3) NBI condition ranges. While this might not seriously jeopardize

federal funding eligibility of deteriorated bridges, it seriously impacts the accuracy of

condition prediction for bridges in very good condition, which most state bridge

inventories have.o

The NCHRP also criticizes the NBI translator as overly sensitive to a small

fraction of elements in poor condition states. Meaning, once deterioration has been
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recognized on a component, the deterioration rate is expedited to thecaodston

state in as little as 4 yeafdCHRP, 2007) This is usually not a true reflection of the
realistically slower deterioration process. Nonetheless, a modified NBI that captures
ratings at the bridge element level uebprovide better data at the national level that

more descriptively detail bridge conditions across the nation.

7.3.2 Future Role of Technology in Bridge Management Systems

Current bridge management systems can be supplemented with structural health
monitoring technologies in order to gather fiale results of a structures condition.
As technology exponentially advances in thé' 2&ntury, sensing technologies will
revoluionize the way we design, analyze, and maintain structures. Currently, these
sensing technologies are already being implemented on bridges and infrastructure in
postconstruction analyses. It is foreseeable in the near future that bridges will be
constucted with sensor networks that will continuously gather information about car
movements, bridge vibrations, and structural integrity. The information and data
gathered from these technologies are not very meaningful unless it can be paired with
inspection processes and condition ratingsSince many SHM technologies are
currently within research and development stages, it is more beneficial if these
technologies are implemented at the state level through inspectors and agencies that

are knowledgeable ohé technologies.
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