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Abstract
Brittle fracture is a major concern to structural engineersa@mihavesignificant consequences in terms
of safety and cost. Although modern day occurrences are rare, it is well known that they can occur without
warning and may lead to the sudden closure of a bridge, loss of service, expensive repairs, and/or loss of
propery or life. In Canada, steel bridge fracture is a more significant concern due to the harsh climate
present through much of the countsyhich, if the toughness properties are imprbpspecified, is

sufficient toput many steels on the lower shelf of the toughtesgperature curve.

The provisions for avoidance of brittle fracture in various bridge design codes vary in comflbgity.
existingCanadianCSA standards take a fairly simplistic approach for design against brittle fracture, using
design tables that have two temperature zones. Depending on the minimum mean daily temperature of the
location of interest, one can determine the Chargyoich tesing requirements for the grade of steel.
However, it is known that temperatugenot the only factor that plays a role in the fragtbehaviour of

steels Gther factorsnfluencingfracture, such aglate thickness, crack size, demdodapacity ratio, and
considerations related to traffic, are currently neglected. It is generally known, for example, that thin plates
(e.g., less than 1289.0 mm in bridge applications) are less susceptible to brittle fracture, due to the rolling
reduction ratio at the mill. However, for the same steel grade (with a small distinction between base and
weld metal), the same CVN requirements are appkctabh wide range of plate thicknesses (i.e., from the
minimum allowed for corrosion considerations up to 100 nirhg existingCSA standardsalso assign
responsibilityfor identifying fracturecritical members (FCM4o the design engineer, though regulations

on how to identify them are limited and vague, leaving much to engineering judgement.

A comparison of brittle fracture design provisions around the world reveals that more sophisticated
approaches have been developed in terms of modelling and understanding brittle fracture in existing and
new bridges than the ones currently in use in NArtterica. One of theseore involved methodis the

fracture mechanics method in the European EN 11998 standardwhich allows factors such as plate
thickness, crack size, and strain rate to be considé&tad.standard also gives designers the optiarsing

a simplified method or a much more involved, fracture mechdn@sed approach.

While the current Canadian brittle fracture provisions generally appear to be meeting the needs of the code
users, two issues are noteworthy. The first, which has already been alluded to, is that the North American
provisions offer less flexibility and ggéance for handling unusual situations than the Eurocode methods.
The 6éone si ze (fthetCanadanh design stgamaard®rmag hot bie npamaimay result in
structures being overdesigned or urdesigned, leading to inefficiencies in safety and cdss highlights

the need fomnswering questions regarditige feasibility ofallowing reduced toughness requirements for

bridges fabricated ith thinner plates or experiencihgwer traffic volumesr demaneto-capacity ratios



The second issue is that few studies can be found in the literature around the world attempting to assess the
level of reliability against brittle fracture provided by any of the existing design providibadack ofa
probabilistic assessmeot brittle fracture riskn Canada and the few studies globally highlkgngap in

the current understanding and implementation of these design standards

Thisthesis includes literature revievon: 1)factors affecting material toughne23 common methods of
evaluating toughnes8) North American and European brittle fracture provisions, gmatevious work

on designcode calibration and reliability analydigr steel structures subject to various failure modes,
including brittle fractureA comparison of the North American and European design provisions using the
example of a typical steebncrete composite highway bridge is then preseftatthis cae study, it was

found that North American codes are typically more conservative than the Eurocode for bridge elements

made with thinner plates and less conservative for elements made with thicker plates.

Following this, the fracture mechanibased European brittle fracture limit state is then evaluated
probabilistic framework usinlylonte Carlo Simulation (MCS). In order to do this, statistical distributions
are established for the various input parametersj amgbarticulari statistical models for the live traffic
load and temperature are established. Prior to application ofdtielna calibration step is performed to
establish a design crack depth. Sensitivity studies are then perfatmegkey input parameterare varied

to examine how the failure probability is affected by variations in each parameter.

The work is then cast in a tintependenteliability framework using historical temperature andffic

data, to determine the failure probability with temperature and traffic loading fluctuating on a time scale
throughout the yeaihis timedependent model is then used to ast#esseliability levelprovided bythe

current Canadian brittle fracture provisions. Given certain plate thickness, crack size, load levels and
geographical temperature data, &maualprobability of failure an@nnuakeliability index,b, are obtained.

The obtained reliability indices ammmpared with a target reliabiliimdexto assess the extent to which

the Canadian provisions provide consistent and adequate levels of reliability against brittle fracture

On the basis dhe resultsthe North American brittle fracture design provisions are critically assesased
new design tools from these probabilistic studies are presenpghriOnities for improvement in the

existing Canadian standards and areas warranting further studgtaraighlighted.

Vi
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1 Introduction

Structural steel has been used in bridge construction since the 48@0ss use has become more
widespread for bridge construction ever sinkdee very first in North Americavasthe Eads Bridge (built

1874), a steel arch bridge in St. Louis, Missouri, whichratilains in servic&line, 2008) Truss bridges

started tdoecome more widely used in bridge design as they enabled longer spans to be built using shorter
elements. Numerous truss configurations such as the Pratt and Howe models were patented in this era. Early
steel trusses used pin connections, whereas rivetetections became later implemented with connection

developments in the #&entury(Jarosz & Sorgenfrei, 2005)

While structural steel has many benefits including its high streiogtieight ratio, ductility, and speed of
construction, it also presents disadvantages such as the need for corrosion protection, as well as the need
for bolted or welded connections whjdhpoorly designed or poorly welded, become areas of weakness
susceptible to fatigue failure. Commorodes of failure for steel bridges include brittle fracture, ductile
fracture, plastic collapse, fatigue, creapcdbuckling(Gordon, 1993)Among these, brittle fracture remains

a concern to structural engineeaisit hassignificant consequences in terms of safety and cost. Although
occurrences are rare in the present day, it is well known that they occur without warnmgyaledd to

the sudden closure of a bridge, loss of seraiog the need for traffic diversion, expensive repairs, loss of

property, and in the most tragic cases, lodgef

The phenomenon of brittle fracture occurs on the lower shelf region of the tougbmessature Surve,
illustrated inFigure 1-1, making it a concern in Canadian climates due to the long winter and extremely
low temperatures that most communities experience. Methods of prevention involve proper detailing,
regular inspections, and selecting the appropriate grade to ensure thalrateves in the upper shelf

region for the given geographic location and climatic conditions.

<— Upper shelf

Charpy Toughness

Figure 1-1 ToughnessTemperature Curve (NDT Education Resource Center, 2020)

1



1.1  Background and Motivation

Collapses of the Duplessis Bridge in Trdlgsieres, Québeddiled in 19514 fatalities)and Silver Bridge

in Point Pleasant, West Virginia (failed in 19646 fatalities) area few historical examples of brittle
fracturerelatedbridge failures in North AmericgdHopwood & Deen, 1984)Prior to the early 1970s,
Charpy tNotch (CVN) toughnesgequiremets were not part of any North American specifications. The
tragedy of the PoirRleasanBridge was a major initiating factor fogsearch progranis the United States,
leading to théAmerican Association of State Highway and Transportation Offided&SHTO) developing

fracture toughness requirements for welds and base metals iffAl&tddt et al., 2014)

Another notable collapse is¢ Mianus River Bridge on95in Cos Cob, Connecticyftailed 1983, where
a fracture occurred in the pin and hanger assembly and caused the bridge to, cekatsey in three
fatalities (Connor et al., 2005)n the present day, pin and hanger assemblies, showigume 1-2, are

rarely (if ever) used in new designs duetteir lack of redundancy.

Hanger pins

_ _ /. _

/ A z \
‘/—’Suspended span _/ Anchor spc:mL
Hanger plate
Web reinforcement plote

A
v

Figure 1-2 Example of a Pin and Hanger AssemblyGraybeal et al., 2000)

Following the Mianus River Bridgéailure, provisions were added to the North American bridge design
codes, AASHTO LRFD Part 6 an-dr iCtSiAc &BIgFOMgaeigani 60 n g
redundant e nsi on Ipeedamtified bsthie Xdesign engineer and be treated with particular attention

in the design of new bridg¢€onnoret al, 2007) (Wright, 2002) The CSA definition of fractureritical

member s ar e MAmember s, asinglecldad mhth strgctue that are bubjechtad tensile i n
stressand the failure of which canleadtoo | | ap s e o f(C3ARELI) andrAASHTQu hag &

similar definition,ia st eel pri mary member or portion therec
probably cause a porti on (MABHTO,2017)Additioaatiyt thefFederdd r i d g e
Hi ghway Ad miFHWA9 Natioaa Bridge dspection Standards (NBIS) were revised to include

new requiremesst on handson inspection for any identified fractuceitical members. This is a



distinguishing point between North American codes and the Eurocode, thelatteich does not have

specific wording on FCMs. Additionally, in America, as per the AWS D1.5 Bridge Welding Code, Clause

12 (known as the Fracture Control Plan) requires that the toughness and fabrication standards are more
stringent for FCMs than for neiRCMs (Federal Highway Administration, 2019)

CSA and AASHTO assign the responsibility of identifying FCMs to the design engieeever, in both

codes, regulations on how to identify them are very limited and vague, leaving much of the classification
of these member® engineering judgement. Some jurisdictions, such as North DéKotéh Dakota
Department of Transportation Bridge Division, 200pjovide a guideline document on the types of
members or details that could potentially be fracgugceptible andto which an inspector should pay

more attention, but these guidelines are still relatively broad.

Over the last 45 years, while the North American provisions for design of steel baiglgiest brittle

fracture appear to be meeting the needs of designers and the general public in the sense that they are easy
to use, and the numbef brittle fracture bridgdailuresin North Americahasremained relativelgmall

theystill occasionally occur in the 2tentury. Modern day examples include the Sgt. Aubrey Cosens VC
Memorial Bridge in Latchford, Ontario (failed in 2003), th& 422 Bridge (failed 2003), and Hoan Bridge

(failed 2000) to name a few. The latter two examples both showedilftie of fatigue cracking and were

both caused by a phenomenon called constiadhuced fracture or CIEConnor et al., 2007)

Constraintinduced fracture (CIF) is a special case of brittle fracture, which is caused {axiltstate of

stress. This may occur when there are multiple intersecting welds, such afiangebtiffener connection

without a sufficiently wide web gr illustrated inFigure1-3. Threeconditions must exist for a detail to be
susceptible to CIF, amg@movingone of them willdecrease the susceptibility of occurreridea high local

stress concentration; 2) the stress concentration is at a location of high constraint, which prevents local
yielding; 3) there are sufficiently high tensile stress®gh proper detailing (e.g. sufficiently large web

gap), the use of thinner plates, higher material toughness, or typically a combination thereof, a designer can
reduce the risk of CIFConnor et al., 2007)
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Figure 1-3 Detail Exhibiting Tri -axial Stress Stat€Connor et al., 2007)

However, CIF can occur in bridges even when the steels used on the structure meet CVN and AASHTO

requirements. In the case of the Hoan Bridge failure in 2000, the brittle fracture cracks found in all three

bridge girders were @sult of intersecting and overlapping welds between shelf plates, gussetguidtes

transverse connection plates, causing high levels of triaxial consBaihtthe web and flange plate metals

were tested to meet the CVN and AASHTO requirements at the time the structure was built in 1972, and

furthermore, met the CVN requirements at the year of failure.

In the latest revision cycle of the CSA S6 Canadian Highway Bridge Design Code, the code writers have

identified the following issues surrounding the issue of brittle fracture:

1 new, less conservative, design rules are needeeffpithin plate structures, and structures that are

plastically deformed (i.e. bent) either from vehicle impact or intentionally in fabricégiah as

large culverts and orthotropic bridge deck ribs) resulting in local loss of toughness,

T the defi

nition of

Aifracture critical o, whi ch

better clarified for certain structure types, to prevent expensive overdesign,

new design rules may be needed for pedestrian bridge structures, with lower impact velocities, and

the design rules need to be critically assessed for aluminum structures, recognizing that aluminum

does not exhibit a duct#-brittle transition at low temperatures in the same way as steel.

Thebasis for the North American provisions has largely been experience, common sense, and engineering
2014) As there -hosuvergxpernti ediinn

judgement(Altstadt et al.,

Canad

or CIF of civil infrastructure such as stéeidge structuresnternational experts are generally relied upon

when these cases arise. Europe, significant advances have bewade in recent decades in the
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sophistication of the tools available for modelling and understanding brittle fracture in new and existing
structuresWhile adption of similar approaches in North America to assess these special situations may
be of interestit is worth noting that only a few preliminary attempts have been made to establish reliability
levels provided by any existing design provisigAstmont & Murphy, 2018) whereassignificant work

has been done to calibrate probabilistically provisions for other limit Stagemedy & Gad Aly, 1980)
(Zhao et al., 19943nd construction materiaglMacGregor, 1976)

1.2  Objectivesand Key Tasks
To address the gaps in the current Canadian-stdteowledge regarding brittle fracture assessment, the

following project objectives were defined:

1) to investigate alternative approached for evaluating the notional reliability level against brittle
fracture for elements in steel highway bridge structures, including time dependent and independent

formulations for assessing an appropriate limit statetion,

2) to assess and quantify the reliability level against brittle fracture implied by the current toughness
provisions for structural steel in the Canadian bridge code (CSAaf&®b),

3) to develop a improvedpractical tool for assessing brittle fracture risk in bridges, based on the
results of the reliability analyses performed to address Objectives 1) and 2).

The major tasks to completige project objectives are as follows:
Task 1i Literature review and data gathering

A primary goal of this taskas to review existing methodologies and input models for performing brittle
fracture reliability analysign order to better understand the current stétienowledge on the subject of
brittle fracture in steel bridgel addition, the general statd-knowledge related to brittle fracture as well

as code calibration and structural reliability theory was investigated within this task.
Task 21 Reliability-based assessmeott current brittle fracture provisions

In this stepananalysiswasperformed to assess the reliability level associated with the current toughness
requirements of the Canadian design standards (e.g. CSAt 8&)s found that the existing Canadian
standard is less conservative than the Eurocode for designing against brittle fracture in thick plate structures
and fails to consider many factors such as member shape and dimensions, strain rate, cold forming, etc.,
which the Eurocode considers as key input parameters in their model. This is @h evacern, as steel

fracture behaviouis known to depend consideraldy a number of these factors

One novel aspedf this research proje that it includedirst attempt at assessing brittle fracture risk of

steel bridges in a probabilistic framework. For this taskalgorithm was developed to automate the
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calculation processes of the European brittle fracture provisions. Using this prdtE&wasapplied on
the current bridge model and various application examples. The application exaimp&sproviding
Canadian code writers with answers to their brittle fracture questions concerning topics indutimg
limited to consideration of thickness effeetsdtreatmentofi f r act ur e cor.i ti cal me mb e r

Task31 Consideration of timedependent effects

The reliability analysiswas then refinedvith a focus on a more sophisticated treatment of the-time
dependent parameters. Thigjuireda different framework fomodelling of the loadingvhere the service
temperaturdluctuatedon a time scale arektreme value statistics were used to sample extreme live loads
for a given analysis incremenfFailuresoccur when a random combination of an exceptionally low
temperature and exceptionally high truck load happen simultaneBoslthis task,raffic surveydaawas

provided byvarious highway authorities.@e, the Ontario Ministry of Transportation)
Task41 Development of assessment tools

For this last task, the developed modetse runfor awide range of cases, to produgserfriendly design

aids and/or procedures for rapid assessment of new and existiogires in Canada. It is hoped that these
tools will also help the bridge engineer to better understand what they are effectively doing when they
specify a certain level of fracture toughness in the design of a new steel bridge.

1.3  Thesis Outline

Chapter2 of the thesis includes the literature review on related topics incléaotgrs affecting material
toughnessexistingcodes andnethodologies for evaluating brittle fracture riskd background studies on

how these design standards were developed. Literature on new recommendations for CVN requirements,

crack detection probabilities, and how heat affected zones affect brittle fracture, is also reviewed.

Chapter3 describes the methodologies, key assumptions, equations, and input parameters usetf in each
the studies conducted within the overall project scbpes covers the comparison between three different
codes and the initial probabilistic model developed in Excel Visual Basic. The process of developing
models in MATLAB for the later studies, including a preliminary tideendent model (which was later
abandoned), a refined tirdependent model, and a tismalependent model are then presented. The
statistical parameters and distribution types assumed are presented in tabular form. Throughout the chapter,

it is shown how the models were continuously mfim each phase of the project.

Chapterd describes theesults of thdirst study of comparing international codes on brittle fracture design,
highlighting the simplicity of current Canadian codésis found that the Canadian code is highly

conservative for thin plates, whereas it is arguably unconservative for thick plates.



Chaptel5 presents the results of a preliminary probabilistic investigation using Excel Visual Basic. Several
sensitivity studies performed with the developed model are presented, where initial crack size, load, and
plate thickness were varied, and the resultinguria probabilities were calculated. Following this,
histograms and cumulative density functi@rs definedfor a preliminary timedependent probabilistic
MATLAB code. These are shown {8 at different temperature increments a€ighpi for different live

load increments. The hourly modeled temperature and live load graphs are illustrated, along with a sample

case for 100 trials. The computational demand of this code version is also discussed.

Chapter6 details the results @halyses conducted with a refined version of the-tiegendent MATLAB

code, which proved to result in significantly reduced analysis times with no loss in accuracy. These analyses
highlight inconsistencies in current reliability levels in CSA 8pressed by comparing current impact
energy requirements vs. suggested impact energy requirements to achieve consistent reliabilities across
different steel grades. Several sensitivity studies are then presented using this new model, where parameters
varied include the assumed relationship between Charpy toughness to fracture toughness, the assumed

strain rate, the ratio of livio-dead load acting on the critical detail, and the desigtk@iae.

Chapter7 presentsesults obtained using a refined tiinelependent MATLAB code with a new calibrated
design crack size, for time saving purposes/e®al sensitivity studieare presented, which illustrate the
effects of geographical location, span, influence line, traffic volume, and presence of multiple vehicles on
the recommended impact energy requiremergsidh toolsn the form of contour plots are then developed,

for different steel strengths, climates, thicknesses, and detoaagacity ratios.

Finally, Chapteil8 summarizes the conclusions from each study of the project and recommends areas of

continued work



2 Literature Review

The following literature review summarizes the factors that affect material toughness, methods of toughness
evaluation, and existing code provisions for design against brittle fracture in Canada, USA, and Europe.
Additionally, the topics of previous workndhe master curve development, code calibration and reliability
analysis for brittle fracture and other failure modes for steel structures in North America, which form the
foundations of European and North American brittle fracture design standardscassed. Lastly, further
studies on new recommendations for CVN requirements, crack detection probabilities, and how heat

affected zones affect brittle fracture are reviewed.

2.1  Factors Affecting Material Toughness

The fracture behaviour of ferritic steels is strongly dependent on the temperature of the material at the time
of failure. Fracture is considered brittle if it occurs before net section yielding (occurring in the lower shelf
of the temperature vs. impaatergy Scurve), otherwise it is considered ductile (occurring in the upper
shelf) (Sedlacek et al., 2008Yhe temperature a which the failure mode type changes is termed the
transition temperature. The transition temperature for steels is also an indidateghness: generally, a

higher transition temperature correlates to a lower toughness steel and a lower transition temperature is

associated with higher toughness.

Factors affecting the fracture toughness in a steel element include thickness, temp@dinading rate.

In general, steel toughness increases with increasing temperature and decreasing loa@agsoate

1975) Thick plates are associated with an increased likelihood of a triaxial state of stress and variations in
metallurgy through the thickness, due to the cooling process in fabrication. Thus, thinner plates typically
have a higher fracture toughness, evdng else being equal. Additionally, high degrees of cold forming

reduce toughnegSedlacek et al., 2008s shown ifrigure2-1.

[

z

without
cold forming

upper shelf

toughness

/ with
/  cold forming

lower shelf

[

temperature

fransition temperature|

Figure 2-1 Effects of cold forming on material Scurve (Sedlacek et al., 2008)
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2.2  Methods of Toughness Evaluation

2.2.1 Charpy V-Notch Method for Impact Toughness

The most commonly used method in specifications for measuring impact toughness is through the Charpy
V-Notch (CVN) impact test method, due to its low cost, simplicity, and speed at which the test can be
conductedBarsom, 1975)

The CVN test is performed accorditgASTM E23(ASTM International, 2013)A standardgspecimen of

55 mm x 10 mm x 10 mm with a machineeskaped notch at the middle is placed in the test apparatus and

is impacted by a swinging pendulum. The initial and final heights of the pendulum are measured and the
difference in height is used to calate the energy absorbed by the specimen prior to fracture, in Joules (J).

A typical procedure consists of testing three specimens at a specific temperature and repeating the test for
varying temperatures. Heating or cooling of specimens may be conductdidjiid bath or gas medium,

and the specimens must be transferred to the testing apparatus and tested within 5 seconds of removal from
the temperatureontrolled medium. When a series of specimens are tested at different test temperatures,
the results @ plotted as energy vs. temperature and can be used to characterize the temperature vs.

toughness Surve showing the upper shelf, lower shelf, and transition region.

2.2.2 Critical Stress Intensity Factor, Kic, for Fracture Toughness

The critical plaestrain stress intensity factor (SIF), denoted Kay corresponds the stress at which
unstable crack propagation will occur in a specirt@arsom, 1975)K,. refers to Mode | cracking, the
opening mode, which is depicted kigure 2-2. Other modes of fracture are Mode II, sliding mode, and
Mode I, tearing mode, which each have their own corresponding critical FsiFandKjc, respectively.

It is also noted thd{-values for different crack modes cannot be added together, though they can be added
for the same fracture mode by the principle of superposition. Cracks tend to propagate most easily under
Mode | loading. In many design problems, the other loading maddberefore often ignored.

$ Mode 1 Mode II Mode III

Opening mode sliding mode Tearing mode

Figure 2-2 Different fracture crack modes (Zamiri et al., 2018)



Kic is commonly determined through either: 1) the bend test, using-sidgenotched precracked beam
specimens, loaded in®int bending, or 2) the compact té8iT), using singleedgenotched and fatigue
pre-cracked plates loaded in tension. Other common shapes for the compact testshapiskand arc
shaped specimenglthough the size of specimens may vary, they must conform to the dimensional
proportions specified in ASTM E39STM International, 2020)An example of thelimensionaland

shapeolerances of a typical CT specimen is showRigure2-3.

0.25W +/- 0.005W DIA

2 HOLES
< | <
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+

NOTE 4 \’/ 0.2‘75w

A * O.Tsw

0.275W
+ 0.005W

P ——

{

ft— 0.6W +/= 0.005W ——stat— 0.6W +/= 0.005W —=]
oy

> Y

[ W +[= 0.005W | B
1.25 W +/- 0.010W [B: ﬂ + p.010w
2

Figure 2-3 CT specimen shape and proportion$ASTM International, 2020)

| QW -

<<

The output of CT tests consist fufrce vs. displacement plots, where the crack mouth displacement is
measuredising a suitable displacement gauge or extensongtecimens are loaded urihaxis reached

and they cannot sustain any more applied |34 calculation of the stress intensity facty,is done

using equations presented in ASTM E3@@ich are dependent on the specimen shape. It is recommended
that at least three tests are performed for each material condition.

Kictests are performed relatively rarely as a means of quality control as the costs associated with fabricating
and preparing th&ic specimens, and performing the test, are high. For this reason, different relationships
have been developed to correlate CVN energykandas Charpy impact tests are quick, easyl cheap.

In (Collins et al., 2016 numerous relationships are described, and their equations presented. These include
the Barsom and Rolfe original correlati@arsom & Rolfe, 1970)Barsom and Rolfe twetage correlation,

BS 7910 CorrelatiorCorten and Sailors Correlatiodarandet and Sanz Correlatjd®oberts and Newton

Lower Bound CorrelatiorRolfe-Novak-Barsom Upper Shelf CorrelatipandWallin Correlation
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2.2.3 J-Integral Method
The Jdintegral is a common method used to determine the stress intensity factor, as asimgision
exists betweed andK for linearelastic materialsas shown ifEquation2-1 (Langford, 1980)whereE is
the modulus of elasticity of the material. The tests are performed according to ASTM &S2d
International, 2020)A major benefit to performing. tests is that the specimen dimensions can be much
smaller than the ones required for a typl€akest. The <ntegral can also be determined by finite element
analysis for complex specimen geometries, which is another reason for its popularity.

0 U— Equation2-1

(0]

2.3  Existing International Brittle Fracture Design Provisions
Design codes for preventing brittle fracture vary around the world.highlights of the development of
practical design provisions to prevent brittle fracture in bridges in North America can be found, e.g., in
Barsom (1975)Wright (2002) and Altstadt et al.(2014) As stated inWright (2002) i The curr ent
approach for avoiding brittle fracture in bridges in general normally involves specifying a level of
toughness sufficient to prevent lowstrelf, brittle fracture at service temperatures and loading rates
ex per i enc e.dnthe WNorth Amercgnalssign codéss is generally done with relatively simple
lookup tables. In this section, a comparison is made between the existing toughness provisions in the
Canadian code CSA SB9, AASHTO, and the Eurocode.

2.3.1 Canadian Highway Bridge Design Code (CSA S&9)
The existing CSA brittle fractungrovisions are relatively simplifieaind consist o& design table to select
the appropriate CVN energy requirements based on the steel grade, using the following steps. It is worth

noting that the Canadian provisions are independent of plate thickness.
Step 1i Identify fracturecritical and primary tension members on the structure.

Recall that Clause 10.23.1 in CSA S6 states thatfracturd t i ¢c al thasertension components A

of a single load path bridge structure whose failure would be expected to result in the collapse of the
bri dgeé AAritidaimansberumayebe either a complete bridge member, or a part thefbafkey
difference between fractwaitical and primarytensionmembers is the level of redundancheTCSA
definition for primary tension emberss fimembers or member components whose failure would ne¢ cau

the bridge to collapsie(Canadian Standards Association, 2019)
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Step 21 Determine the minimum service temperature using Figure A3.1.2 iRSE5A
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Figure A3.1.2
Minimum mean daily temperature
(See Clauses 3.9.4.1 and 10.23.3.4.)

Figure 2-4 Minimum mean daily temperature, Figure A3.1.2 from CSAS6

Step 37 Based on the minimum service temperature and steel grade, determine the appropriate CVN
requiremerg the minimum energpdoule$ tested at specified temperat{it€]. In CSA S619, Table 10.12
and Tablel0.13divide the minimum service temperatuméo two zonesexcerptshown inFigure2-5 and

Figure2-6 (full tables not shown).

Base metal test temperature T, for
minimum service temperature T;,°C

‘Weld metal test temperature T, for
minimum service temperature T;,°C

Minimum Minimum
Minimum service average T, 2 -30°C>T; average T, 2 -40°C>T;
temperature energy (J) -30°C >-52°C energy () -40 °C >-52°C
CSA G40.21 grades
260WT 20 0 -20 20 -30 -30
300WT 20 0 -20 20 -30 -30
350WT and AT 27 0 -20 27 -30 -30
400WT and AT 27 0 -20 27 -30 -30
Steels requiring approval
480WT and AT 27 -10 -30 27 -30 —40
700QT 48 -20 -35 48 -30 -40

Figure 2-5 Excerpt of Brittle Fracture Design Provisions(Table 10.12)in CSA S6
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‘Weld metal test temperature T; for
minimum service temperature T,,°C

Base metal test temperature T; for
minimum service temperature T,,°C

Minimum Minimum
Minimum service average T, 2 -30°C>Tg average T, = 40 °C>Tg
temperature energy (J) -30°C >=52°C energy (J) -40°C >=52°C
CSA G40.21 grades
260WT 20 -20 -30 20 -30 -30
300WT 20 -20 -30 20 -30 -30
350WT and AT 27 -20 -30 27 -30 -30
400WT and AT 27 -20 -30 27 -30 -40
Steels requiring approval
480WT and AT 27 -20 -40 27 -40 -50
700QT Not permitted

Figure 2-6 Excerpt of Brittle Fracture Design Provisions (Table 10.3) in CSA S6

It should be noted that CS86 Table 10.12 corresponds to Table L.1 inGlamadiarHandbook of Steel
Constr uct Rewamméntks @9t terfiperatures and CVN impact test values for primary tension
members under dynamic loading a nC&A-S6 fable 10.13 corresponds to Table L.thim Canadian

H S CRedommended test temperatures and CVN impact test values for fracture critical members under

dynamic loading (Canadiarinstitute of Steel Construction, 2021)

It shouldalsobe noted that the tablesCSAS6 correspond to t he Rahgdima mi c
HSC.The CanadiamlSC Commentary page-222 has two additional tables for impact loading. However,

only the dynamic loading tables applicable to bridges are presented here.

2.3.2 AASHTO LRFD Part 6 i Steel Structures

It is well known that temperature is not the only factor that plays a role in the fracture behaviour of steels.
The American code, AASHTO LRFD Part 6, provides a slightly more sophisticategdwabib has three
temperature zones and takes into account the steel plate thitkAS4TO, 2017)

Fracture-Critical Nonfracture-Critical
Min.
Test
Grade Thickness Value Zone 1 Zone 2 Zone 3 Zone 1 Zone 2 Zone 3
(Y.P./JY. (in.) o Energy (ft-1bs. (ft-1bs. (ft-1bs. (ft-1bs. (ft-1bs. (ft-1bs.
S.) ' (ftlbs) | @°F) @ °F) @ °F) @ °F) @°F) @ °F)
36 t<4 20 25@70 | 25@40 | 25@10 | 15@70 | 15@40 15 @ 10
50/508/ t<2 20 25@70 | 25@40 | 25@10 | 15@70 | 15@40 15 @ 10
50W | 2<i<4 24 30@70 | 30@40 | 30@10 | 20@70 | 20@40 | 20@ 10
?ofsz t<4 24 30@10 | 30@10 | 30@10 | 20@10 | 20@10 | 20@10
,?szi t<4 28 35@—10 | 35@—10 | 35@—10 | 25@—10 | 25@—10 | 25@—10
HPS t<2% 28 35@-30 | 35@-30 | 35@—30 | 25@-30 | 25@-30 | 25(@ —30
. not not not o . o
100W | 2/2<t<4 36 permitted | permitted | permitted 35@-30 | 35@-30 | 35@-30

Figure 2-7 Excerpt of Brittle Fracture Design Provisions (TableC6.6.2.11) in AASHTO
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2.3.3 Wallin Master Curve

Wallin (1992)developed a correlation for calculating fracture toughness using a Master Curve approach.
Fracture toughness test§;€) are difficult and expensivélthough Charpy-Notch (CVN)tests offer a

faster and more economical alternative to fracture toughness testanjtortant to note that empirical

correlations between Charpy akddalues cannot be universally applied to all materials.

Wallin presents a fracture probability cleavage mdiéallin, 1992) and describes the process and
assumptions, such as reference thickness and lower bound of fracture toughness, leading to the derivation
of the Master Curve, which is applicable to ferritic structural steels. This curve, which is a function of
temperature Charpy test temperature, and effective length of the flaw, forms the basis of the Fracture

Mechanics Method in the Eurocode presented in the subsequent section.

2.3.4 Eurocode (EN 19931-10)

Key research in Europe on toughness requirements for structural steel is disci¥sdlthi(2002)and
Sedlacek et al. (2008As can be seen Bedlacek et al. (2008he European design provisions for avoiding
brittle fracture are relatively sophisticated, compared with the North American ones. They include a
simplified approach, with adjustment factors allowing a number of parameters (e.g., plate thickness,
demanda® capacity ratio, degree of cold work, etc.) to be explicitly considered, and a fraecinanics

based approach for use situations such as assessing structures with existing cracks.

2.3.4.1Eurocode Simplified Method
The following work presented in Sectid3.4.1has been published to CSCE 2020 Annual Conference and

TRB 2021 Annual Meiegy, with edits and modifications made for this thesis.

The brittle fracture provisions within Eurocode 3: Design of steel structures (also referred to as EN 1993
1-10) (European Commission, 2006)nsist of two methods of analysis: a simplified method using design
tables, and a more complex fractmechanicshased method. Both the Eurocode simplified method and

CSA S619 Section 10.23Canadian Standards Association, 2018)d AASHTO LRFD 2017 Part 6
(AASHTO, 2017)procedures for brittle fracture use the minimum sertéceperature of the location of

interest to determine the appropriate steel grade, subgrade, and CVN test requirements, i.e.: test temperature
[°C or °F] and energy absorbed [r ft-lbs]. However, aside fronthe use of the minimum service
temperature as a primary inpthe similarities end ther&ghedesign Table C6.6.21 in AASHTO Part 6
additionally considers plate thickness for specifying grade toughness and has three different
temperature zones as opposed to the two specified in the CSA S&E6DAO931-10 also takes into

account numerous othéactorssuch as plate thickness, yield strength of the material, stresses on the
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component, radiation losses, member shape and dimensions, safety allowances, strain rate, and cold

forming (if applicable)Thefive steps required for the EN 199310 simplified methodre:

Step 1 A thicknessadjusted yield strengtiyt) is calculated from the nominal strength.
ey n o 0 : .
Qo 0 TR LDC‘)— (I Equation2-2

wheret is the thickness of the plate in mm apd 1 mm.

Step 2 The maximum stress due to external loddsmnax[MPa], is calculated using a serviceability limit
state (SLS) load combination.

Step 3i Threetheoretical stress levels are prepared for the lookup table, representing stress from external
loads,are calculatedsingEquation2-3 throughEquation2-5.

. ™ WQo A Equation2-3
., ™ 10Q0 . A Equation2-4
. ™ wQo A Equation2-5

whereleqis the maximum stress level, expressed as a proportiig(t) of

Step 4i The reference temperaturedstermined from the minimum extreme temperature with-ged

return period with temperature adjustments applied to consider radiation losses, member shape and
dimension, safety allowance, strain rate, and degree of cold forming. This is shBguaiton2-6. It is

noted thafTnmg @ n dT; hgve units of temperature, whereas the remaining adjustments account for other
effects, originally in noriemperature units, which are then converted into an "equivalent tempefature”

calculatingTeg.
YOY O YY YY ¥YY Y YY Equation2-6
whereTngis the lowest daily air temperature of the locatiomudrest, with a 5§ear return period.

ol is an adjustment for radiation lgashich depends on the topography, latitude, albedo, etc., of the
location of interestCurrently, research has been done in Germany to establish an average valtke of
radiation loss for the entire country. Other European countries often adept Weadiation loss from

Germany. However, this parameter has not yet been establishadadaC

ol is the adjustment for stress and yield strengtthematerial, crack imperfection and memiséape,
and dimensions. If the detail fits within one of the welded details from the fatigue section of Eurocode 3

(EN 19931-9), this term is zero and no calculations are needed.
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IR is a safety allowance, if required, to reflect different reliability levels for different applications

1 When the input values for strength and toughngsanf T,7;) are based on test measured data,
there is a level of uncertainty associated with laboratory test data. An adjustrghtiéfis used
as a conservative adjustment to account for the uncertainties in the input values.

1 Most European steels manufactured to the standard, EN 10@@5olled products of structural
steels (European Commission 2005), are generally manufactured to a higher standard, so their
nominal values off.7; andfyr e pr esent a | ower bound for the
toughness. An adjustment of +7 °K can be used to account for the fact that most materials
manufactured to the standard are, in reality, much stronger than specified.
Note that the difference between the measured and specified toughness in EN 10025 is 45 °K.
Since +7 °Kis close to 0 °K, it is acceptable to use an adjustment of 0 °K when steels manufactured

to EN 10025 are used, since it is conservative. 0 °K is used in the ENLAID8esign table.
luis the adjustment for a strain rate other than the reference strain rate

T The design table assumes reference strain rde=df0*sec, which is suitable for dynamic action
effects for most transient and persistent design situations.

9 For other strain rates (e.g., impact loa@&yation2-7 should be used.
Y'Y ptTrHQojoumi fj- 8 3 Equation2-7

oTas is the adjustment for the degree of cold formldg The design table assumes rmid-formed

material withGy = 0%. For any nomzerol, an adjustment is calculated usiguation2-8.
Y'Y o- 3 Equation2-8

Step 5 A steel sukgrade is then selected from the design tablable 2.1 in EN 1993-10. Based on

the maximum stress of the componéht, calculated in Step 4, expressed as a proportion of yield strength,
the designer finds the stress level in Table 2.1 (0.75, 0.50, ofy@)25The designer then finds the column
corresponding to the referenmmperaturealculated in Step. Based on the maximum plate thickness,

the required grade and sgbade of steel can be determined. Conversely, if thegsade isknown, the
maximum allowable plate thickness for the component can be determined. Linear interpolation can be used

for values oflleq / f(t) between the three tabulated values, or the next highest value can be used.
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Table 2-1 Eurocode Simplified Method Design Table Excerpt (reproduced fronEN 19931-10)

Reference TemperaturegJds]
“ed 075 fy(t) “ed 0.5 fy() “ed 025 fy(H)

at Td®]| Jwn| 20| O | -10|-20(-30|-40| 50| 10 | O |-10| -20| -30 | -40| -50| 10 | O | -10 | -20 | -30 | -40 | -50

KV

Steel | Sub
Grade| grade
JR 20 27160 | 50 | 40 [ 35|30 25| 20 | 90 | 75 | 65 | 55 | 45 | 40 | 35 | 135| 115| 100| 85 | 75 | 65 | 60
S235( JO 0 27190 | 75| 60 [ 50 | 40| 35| 30 | 125]|105| 90 | 75 | 65 | 55 | 45 | 175| 155 135| 115|100 | 85 | 75
J2 -20 | 27]125|105| 90 | 75|60 | 50| 40 | 170 | 145|125|105| 90 | 75 | 65 | 200| 200 | 175 | 155 | 135| 115 | 100
JR 20 27| 55| 45| 35|30|25|20| 15| 80| 70 | 55| 50 | 40 | 35 | 30 | 125|110| 95| 80 | 70 | 60 | 55
JO 0 27| 75| 65| 55| 45|35|30| 25 |115| 95 | 80 | 70 | 55 | 50 | 40 | 165| 145| 125| 110| 95 | 80 | 70
S275| J2 -20 | 27]110| 95 | 75 | 65 |55|45| 35 | 155|130 115| 95 | 80 | 70 | 55 | 200| 190 | 165 | 145 | 125| 110 | 95
M, N -20 | 40|135|110| 95 | 75| 65| 55| 45 | 180 | 155|130 | 115| 95 | 80 | 70 | 200| 200 | 190 | 165 | 145| 125 | 110
ML, NL| -50 | 27]185|160|135|110| 95| 75| 65 | 200 | 200 | 180 | 155| 130 | 115 | 95 | 230 | 200 | 200 | 200 | 190 | 165 | 145
JR 20 27]140| 35| 25| 20|15|15| 10 | 65| 55 | 45| 40 | 30 | 25 | 25 | 110| 95 | 80 | 70 | 60 | 55 | 45

Jo 0 27160 | 50 | 40 | 35|25|20| 15| 95 | 80 | 65 | 55 | 45 | 40 | 30 | 150 | 130 | 110| 95 | 80 | 70 | 60
S355 J2 20 | 27|90 | 75 | 60 [ 50 [40|35] 25 1135]|110| 95 | 80 | 65 | 55 | 45 ]200|175|150|130|110| 95 | 80
KZN M, -20 | 40|110| 90 | 75 | 60 {50 | 40| 35 | 155|135|110| 95 | 80 | 65 | 55 | 200| 200 | 175 | 150 | 130 | 110 | 95

ML,NL| -50 | 27]155| 130|110 90 | 75|60 | 50 | 200 | 180 | 155 135| 110 | 95 | 80 | 210 | 200 | 200 | 200 | 175 | 150 | 130

Based omable2-1, if the thickness of a steel exced¢lsvaluein the table for a given reference temperature,

then the material is at risk of brittle fracture. As this table only reaches temperattb8S©f for colder
temperatures reaching as low-a20 °C, there is an extended table in the European Commission Joint
Research Centre (JRC) report titled AChoice of St
St r u c fFeldmans ét al., 2012Additionally, it is noted that if a grade of steel is unknown, then a
conservative assumption can be made by assuming the values of the first row of the table, S235JR steel, as

it has a particularly low fracture resistar{gamiri et al., 2018)

2.3.4.2Eurocode Fracture Mechanics Method

Along with the simplified method, an alternate and more complex way of determining the toughness
requirement is presented in tt@mmentary to EN 1993-10,EUR 23510 ENSedlacek et al., 2008)sing
fracture mechanicsThis method can be expressed in terms of stress intensity f&Gialue) or

temperature. Each of these possibilities are described in the next sections. Regardless of the units, the basis

of this analysis method is to ensure thmacanndthe ef f
exceed the effects of the materi al Aresi stanceo s
Load/Action Side Material Resistance Sids
Kapplid o Kmat
Ted o Trd

2.3.4.2.1 Stress Intensity Factor Format
The first format of the fracture mechanics methow/olves verifying that the toughness of the material

(Kwmat, Which is a function offeg) is greater than the corresponding applied lediect (expressed as the
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stress intensity factoappid). This is shown ifEquation2-9 (Sedlacek et al., 2008 nd the input parameters
are described in the following paragraphs. The original mestee, which forms the basis of this method
was developed ilvallin (1998) It is noted that the master curve approach is only valid for the lower shelf
of ferritic steels and cannot be used to make predictions on upper shelf belayimtion2-9 is presented

in Sl units (MPa, mmm, °C).

0° —— ¢m xTmAGH 27 p MO — Equation2-9

The left hand of the inequality represents the load/action side of the limit state function, the adjusted stress

intensity factoK sppia is expressed asquation2-10.

0 % Equation2-10

In this equation, the applied stress intensity fadt@ppis, iS calculated usingquation2-11.
0 . O™ 00 WA Equation2-11

whereliq is the design value of stress applied from external loads, plus 100 MPa to account for tensile

residual stresses that may be present due to welding [MPa].

aq is the critical design size of the crack, in other words, the final size at the end of the safe operating period
[m]. This is not to be confused with, which is the initial size of the crack, often measured through non
destructive testingNDT) methods or assoed when it cannot be measured. Reasonable assumptions of
initial crack size would be the smallest detectable size from NDT methods or estimated using equations
providedby Sedlacek et al. (2008tquation2-12 shows howag would be calculated, whegggsce is the

amount of fatigue crack growth over a service peficamiri et al., 2018)Section2.7 highlights more
literature on the definition dy.

0w O YO Equation2-12

Y is the correction function for various crack positions and shapekhe determination of depends on
whether the crack is seralliptical, double edge, throughickness, or singledge.Table 23 in Sedlacek
et al. (2008khows equations fof based on different literature sources from Rdgwman and Murakami

for different crack configurations. An excerpt of this table is showkigare2-8.
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Case Function Y Source
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Figure 2-8 Excerpt of Table 23 SIFs for various crack configurations(Sedlacek et al., 2008)

My is a stress intensity correction factor for attachments with-e#iptical cracks at a weld toe][ The
factor is taken as unity if the crack is reemielliptical. The factor is retrieved froffiable 24 in EUR
23510 EN(Sedlacek et al., 20085n excerpt of the table is shownkigure2-9.

19



Case Function Source
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Figure 2-9 Excerpt of Table 24 My for semi-elliptical surface cracks at different welded
attachments(Sedlacek et al., 2008)

20



The action side stress intensity factieppie, Needs to be adjusted by two factors to account for local
plasticity and residual stresses. These are the parameters in the denomigat@tioh2-10.

krs is a plasticity correction factor to account for local plasticity at the crack tip, ranging from 0.816 to 1,
based on the R6 Failure Assessment Diagram (FAD). This is calculatedBggiatjon2-13, but as a
conservative measure, it may also be taken as QZifiri et al., 2018)

A Keg

1.0
0.816

L
>

T

1.0
Figure 2-10 R6 Failure Assessment DiagranfSedlacek et al., 2008)

- P .
Q —m Equat|0n2-13

In this equationl is the ligament yielding parameter, defined as
o — Equation2-14

wherelkq is the externally applied stress to the gross section [MPa], plus 100 MPa to account for residual
stresses from weldingly, is the stress applied to the gross section to obtain net section yielding [MPa],

which is dependent on the crack type: surface, throhbigkness, double edge, etc.

| is a correction factor for local residual stresses caused by welding and is taken as zeravieidedn
details. For welded detailthe value of is dependent on the value laf A more detailed breakdown of
the determination gf is found inTable 26 of Sedlacek et a(2008)(seeFigure2-11).
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Definition of p

Lr 5038 p:pl
08 <L, <105 p=4p,(1,05-L)
1,05 < L, p=0

Definition of p,

OS Lr
Y = p <0 pr=0
}i)
v - Oy Lr 50 py=0,1 "= 0,007 y* +
Op ' 0,00003 v’
05’ Lr =
v = P 5.2 p, =025

Figure 2-11 Definition of } (Sedlacek et al., 2008)

Equation2-15 expresses the material resistance, which is derived using a base rifafi@malthe Wallin
Master CurvgWallin, 1998) modifiedfor Tkioo (the temperature associated with a fracture toughness of
100 MP& #én) using the Sanz correlatipwith the addition of the safety modificatiop'k.

Y pY3 Y CuL

vy .
o Y ¢ x MA@b p MO »— Equation2-15
L G ®

bertrepresents the length of the critical crack front. Similagggat is also dependent on the crack type. The
equations are given ifiable 27 in the EUR 23510 EN and are functions of either the depth of the flaw or
plate thickness, depending on the various crack t{pedlacek et al., 20083eeFigure2-12).
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Figure 2-12 Definition of berr (Sedlacek et al., 2008)

2.3.4.2.2 Temperature Format
The fracture mechanics method may also be expressed in terms of equivalent temperature. Since the
equation is on the temperature scale, the effects on the actioBsskte required to be greater than the

resistance siddzy, in other words;Y Y.
On the action side, the sum of the applied action effects is shdgquition2-16.
"YO'Y YY YY YY ¥YY YY 3 Equation2-16

where Tmg, Qlr, TR, Plg-and Pl are the same as the parameters of the same name in the simplified
method presented in Secti@r3.4.1 The major difference in fracture mechanics is the determination of

ol the adjustment for the influence of member shape, size and dimension, sttyuation2-17.

YY uvdl pCTD Equation2-17

whereKappia, Kre, } @andbersare the same as defined in Sec2oB14.2.10n the resistance side, the effective

Afstrengtho of the material «convbguatioe2d8 i nt o temper a
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YOY Y'Y 3 Equation2-18

In this equation, the influence of material toughn@gsy, is obtained using the Sanz Correlation shown in
Equation2-19, which relates the temperature corresponding with a fracture toughness of 10@Me&a

the temperature at which a Charpy sample absorbs 27 J of ehgigy,
Y Y pus3 Equation2-19

In a steel plate, the toughness varies between the surface area and core area of a plate due to inhomogeneity
of the material. In general, when a thick plate cools it solidifies from the outer surface towards the core area,
causing a decrease in toughnizem the surface to the core of thick pla(€gdlacek et al., 2008pue to

this cooling phenomen@amiri et al. (2018summarizes that the lower solubility of impurities and gases
means that they will concentrate more in the regions that cool the iatester words, the outer regions

are more pure and thus have higher quality of mechanical properties. The variation of material toughness

in the througkthickness direction is represented by the new wgfirand the relation shown Bquation

2-20, wheret is the plate thickness in mm, and this is also illustratétdigare2-13 (Sedlacek et al., 2008)

YY p@OAip@d o x&® p&@ 0 Equation2-20
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Figure 2-13 Thick plate inhomogeneity temperature shift curve(Sedlacek et al., 2008)

2.3.4.2.3 Basisof the Master Curve approach andDerivation of Stress|ntensity Factor Equation

in the EurocodeBackground DocumentEUR 23510 EN
A cumulative probability density (CDF) function for cleavage fracture has been fitted to brittle fracture
toughness test daf#/allin, 1992)and takes the form shown Hguation2-21. This may also be called the
Afracture pr obakhkVidrigetyl., 2010 avage model 0O
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0 p A@b Equation2-21

In this equationKog is a specimen thicknesand temperaturdependenthormalization parametethis
parameter allows the original CDF to be corrected based on different test temperature and specimen
thicknesses. At a constant temperature, the relationship bekyeemd thickness dependence can be

defined by the following equation, which is later used to make a thickness adjustment in the CDF:

- Equation2-22

0

whereB; is the reference thickness aigk; is the stress intensity factor associated with test specimens of
size B;, andB; is the new thickness of interest, algh. is the stress intensity factor associated with
specimens of sizB,. Knin represents a lower bound fracture toughness of the material of interest, which in
the case of steel materials, is approximatetg 0 WA . Wallin (1992)states thaEquation2-22 has been
validated with test data for a large number of structural steels, ranging between low and high strength and

10 mm to 200 mm thicknesses. The previous equation is rearrangeldefor Kog:

0 Equation2-23

O=| (@]

Koszis then substituted in place s in the original CDF equation, to achieve a thickradjsisted CDF:

()

oy
- 11 ¢y ) )] &N
v Y A Qlﬁ) Yy &~ 1
] - M
L U U U .
u o ouv
o u Equation2-24
- 11 éy ) )] (@ &Y
v p A DY _Fv 1
L) ‘ . ]
L U .
u o ouv
. o} 0
0 V)

In this equation,B; is the reference thickness of &%m, which is the thickness of the typical compact
tension(CT) specimens tested in the process of generating the master cuBgisA®w assigned to the
Aireference thickneBsis\ariable) tthe parameters cas bhekednéd,asBocandd,

respectivelyThe parametefos: can also be reefined as simpl¥o.
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The thicknessadjusted CDF function becomes:

0

- 0
0 p AP — : Equation2-25
6 0

This equation is then rearranged to solveifier

6 U 0 .
o} 0 U
6 U 0 b G
5 0 0 P
6 0 0 b B
5 0 0 P
o 5 7 roa - Equation2-26
0 0 o] P
0 6 T . p
. - | +—
0 o) p U
6 T . _p
0 0 0 0 — | +—
0 P U

Previously in the original CDRogs was defined as a thickness and temperalependent normalization
parameter. After applying the thickness adjustment to the CDF fun#ligiis replaced withKo, now a

temperature dependent parameteEduiation2-26, Ko is a function following the form:
O | | A@BOY Y Equation2-27

In this equation, T p 40 A , ois a material constant, arid is defined as the temperature at

which the mean fracture toughnesgist 710 I (Wallin, 1992) Based on experimental data, the values

of U, b, andodo not vary significantly between different types of materials, and accordingly, different yield
strengths. This can be observed in the toughtesperature transition curve for 25 mm thick specimens
(seeFigure2-14 (Wallin, 1992), where the fitted curve using the sabyd, ando values fits well for the

various materials tested. Considering these parameters to be material independent and constants, they are
found to beJ= 31,b= 77, ancb = 0.019. TheK, equation takes the following form.

U op X XAoBIpDY Y Equation2-28
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Figure 2-14 Temperature dependence oKy for 25 mm specimengWallin, 1992)

SubstitutingKo into theKc equation:

o 0 op X YAGBWMpDY Y 0 % I +— Equation2-29

The Eurocode uses the median cumulative fracture probgMigfrig, Zurbuchen, Schindler, & Kalkhof,
2010) Substituting the 30percentile a®x, the equation becomes:

. . - . 6 L. P
0 0 op x XRAg@mripyY Y 5 I m
( [ )@&Qﬁﬁ[ DY Y } - T80
0 0 o 0 - T
P X P 0 P e Equation2-30
5 -
0 0 CRUYXR AGE@IpY 'Y 0 =
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Finally, substituting) ¢ ® O W andB, =25 mm, the;c equation becomes:
. o v L
O CTm C@ Y XBR ADEpDY Y SRS
Equation2-31

L ¢m xX&B VAGMBrpRY Y q&w%u

The final format of the derivelc equation is very close to the stress intensity inequality presented in the
Eurocode fracture mechanics section for the material resistance side:

oy o .
0 ¢m x 1A QDT p T % Equation2-32

where 0.01% 1/52,"Y Y , anditis suspected 70.25 was rounded to 70, and 8.28 was rounded to 10.

2.3.5 Further Contributions to European Brittle Fracture Standards

2.3.5.1Strain Rate Effects on Brittle Fracture

Kihn (2005)providesinformation on the impact of strain rate on toughness. Typical strains range from
1x10* and %10° for steels with a yield strength between 178 MPa and 890 M&ably, traffic loads

(vehicle crossings) fall into the category of gestsitic loading, thus, in most cases, one can neglect the
strain rate effect for bridge structures. While there is a dynamic effect when a truck crosses over a bridge,
Kihn (2005)shows that the maximum strain rate never occurs at the same time that the maximum stress
occurs. To illustrate, if one were to assume the influencedlileto amoving truck follows a sinusoidal

curve, the maximum strain rate occurs when the stress level is zero. Further investigation was done on the
effect when both stress and strairaid() are norzero but not at their absolute maxima, and it was shown

that the resulting largest strain effeqii¢, found to be PK) is overall negligible.

2.3.5.2Conversion CVN Test Temperature into Equivalent 27J Temperature
Kihn (2005)lsoderived an important equatievhich can be used to convert Charpy test data at different
temperatures and impact energies to an equivaenor vice versa.

YO T @oyp @i pYXO Equation2-33
whereKV is the fracture toughness of a particular steel giddat test temperaturéy. Equation2-33is

usedin this projecto enablecomparisos betweerthe EurocodeAASHTO and CSA S6 tables.

2.4  Previous Work on CodeCalibration and Reliability Analysis
A study doneby Kennedy and Gad Aly in 1980 laid the foundation for making recommendations to the

limit states design provisions in CSA STEanadian Standards Association, 2083ometric and material
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properties for W shapes, including their mean and coefficient of variation (COV) for steel columns and
beams, were established based on measurements and coupon tests from Canafifamnnady & Gad

Aly, 1980). Geometrical properties were measured and compared to the nominal dimensions through a
geometric ratioj ¢ (measured dimension / nominal dimensidviaterial properties (i.e. yield stress) was
tested and compared to the nominal yield stress through a materiagj wdtested yield stress / nominal

yield stress)The study then related the tested capacity to the theoretical capacity (flexure and compression)
to establish a professional rati@, These three ratios were multiplied together into an oversibtance

ratio} g, used along with the coefficient of variatidf,in an exponential model to determine a performance
factor,t , for various limit stateswhich captures the uncertainty in the prediction of structural resistance.
The target reliability index), used to establish was 3.0, which was represative of simple beams and
axially loaded columns at the time. The modes of failure investigated were flexure (laterally supported and
unsupported) and compression. It was found in this study that the performance factor of 0.9 previously
established fovarious limit statetn S16 was conservative except for the cases of buckling for W and HSS
shapeg¢Kennedy & Gad Aly, 1980)

In a comprehensive foyrart paper series on fatigue reliability, t@@emmittee on Fatigue and Fracture
Reliability of the Committee on Structural Safety and Reliability of the Structural Division (American
Society of Civil Engineers, 1983resentd an exploration into various aspects of fatigue analysis and
structural integrity. Part 1 semd@s a foundational introduction, detailing the general process of fatigue
crack growth and introducing key methodologies for modeliflg ®lationships, such as thea&juin
Equation and Lagner Model. Additionally, the authors pradigipical fatigue data from literature, such as
the COV of the number of cycles to failure. Part 2 ceslguality control and maintenance techniques for
bridges.Visual inspection can be performed at a rate of G.8780 cn¥) per minute, though the speed
would be slower with a magnifier. Visual inspection is often dependent on the surface condition, and
cleaning the surface may also take additional time. The paper didthessensitiviy of nondestructive
inspection (NDI) methodsncluding dyepenetrant, ultrasonics;nay, and magnetic particle inspection.
highlighting the challenges of translatingHatntrolled testing conditions to reabrld field inspections.
There are limited data on the sensitivity of these results under field conditiongh the general consensus

is that field inspections may be less effective compared todatolled conditions of testing.art 3 of the
series delves into variable amplitude loadimyacical fatigue loads encountered practice, and
considerations for crack propagation. The autpoeseredMi n e r PWdde Bamd Stressdalso known

as Rainflow Methogd |, and P for ¢umsdativel damage calculatiorgycle counting and
understanding fatigue crack propagation over tigwelding upon these foundational principles, Part 4 of
the series focuskon the integration of mbbds presented in the preceding papers. It expldie

application of reliabilitybased design principles and critefor assessing structural fatigue
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Kennedy & Baker (1984further studied resistance factors for the Ontario Highway Bridge Design Code,
building upon prior work bKennedy & Gad Aly (1980andNowak & Lind (1979) This work considered
factorssuch as truncated distribution curves, fitting appropriate curves to experimental data, and accounting
for skewness, in addition to addressimgpes in measurement that could inflate coefficients of variation

The authors noted that continuous bridges may be assigned a lower safety index compareesfasingle
bridges,recognizing differences in collapse mechanisMente Carlo simulation (MCSyvas usedo
constructstatisticaldistribution curves for resistance functionsnsidering geometric properties, material
properties, and test/predicted ratiddean values and coefficients of variatierere derived assuming
lognormal distribution curves, which were very close to those obtained from the MCS distribusiigs.

a target reliability index of 3.5esistance factonsere therdeveloped for variouiilure modesincluding

fully plastic moment resistance, yield moment resistance, inelastic buckling moment resistance, elastic
buckling moment resistance, composite momenstasce, and column resistances, considering different
slenderness parameter valuBse authorsecommended general resistance factor of 0.93 for both welded

and rolled sections, applicable to both sirgp@n and mukspan bridgesSpecifically for laterally
supported steel bridgethe authorsecommended resistance factof€.95 for welded sections and 0.98

for rolled sectionsThey also note that their original target reliability index of 3.5 may be lowered to 3.0

for some cases.

Two decadetaterin 2002, Schmid& Bartlett(2002)reassessed the resistance factors from the Kennedy

& Gad Aly (1980 study. One of the key driving factors for this reassessment was that the manufacturer
that supplied materials for the previous study had ceased to produce W shapes in Canada, and it was
beneficial to perform a reassessment from steels manufactured idaCamé imported from the United

States to obtain a more comprehensive data set. Additionally, the resistance factors from CSA S16 needed
to be reviewed, as over the decades, there had been changes in the industry and hoversteels
manufactured and undeentquality control procedures. New material tests were performed, and data was
gathered based on steel from numerous major steel suppliers across North America. A similar procedure to
Kennedy & Gad Aly(1980) was followed, usingli instead of]; as notationfor the ratio between the
measured to nominal parameter. Yield strength, ultimate strength, and modulus of elasticity were
investigated. In this study, it was found that the ratio of actual to nominal dimensions had improved (i.e. a
reduction in the scattevas observed), likely due to reduced tolerances in CSA G40.20, and the yield
strength bias factor increased and COV decreased for HSS and WWF shapes compared to th&Kennedy
Gad Aly study. However, the statistical parameters were found to be sligng oo W shapeSchmidt

& Bartlett, 2002)
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The fundamental principles developed in these seminal works continue to be employed to establish safety
levels for failure modes and structural elements not included in previous calibration efforts. For example,

a fatigue reliability analysis was performed steelconcrete composite shear connectors in one study,

where MCS was used along with an iterative structural analysis (employing a structural model developed

in the software SAP 2000, al ong wit h rmect®nfailuhes\n s cr i
to model the progressive sequence of shear connector failures under cyclic fatigue(Bjadirtzet al,

2021) In another studyMCS was used to studiie effects of slenderness;centricity, concrete strength

on the reliability index ofoncretefilled HSSbeamcolumns comparing the new and previous design rules

against target reliability indicd®Rahbarimanesh & Tousignant, 2024)s noteworthy that brittle fracture

was not assessed as a mode of failusmy of these aforementioned studies.

Despite significant work on reliability analyses with respect to other failure medgsyielding, buckling,
fatigue), similar studieson brittle fractureare extremely scarcd his highlights the ongoing need far

comprehensive probabilistaissessment difrittle fracturerisk in steel bridges.

2.5 Previous US Study on Brittle Fracture using MCS and Probabilistic Analysis

One more recent development on the subject of probabilistic brittle fracture analysis is a study from US
Department of Transportation in 20{8rtmont et al., 2018)In this study, the methods used generally
followed the same fracture mechanics principles and equations presented in the Eurocode; EN)1993
where a limit state function was set such that failure occurred if the appigedreater than the material
resistancek. Two different types of cracks were assessed: a single edge crack aralliptindl crack.

Both cases assumed to occur on the tension flange of a girder. The minor differences between this study
and the Eurocode methodology were observed in the equations for correction factmd Q, and a

slightly differenta/c ratio for a semtelliptical crack shape case.

MCS was employed in this probabilistic study. Crack sizes were assumed to be deterministic because there
was no sufficient database on flaw sizes in steel bridges to use for generating realistic statistical parameters.
The applied dead and live load wessamed to follow normal distributions. Statistical parameters for loads

were obtained from NCHRP Report 3@6owak, 1999) used to represent a typical highway bridge.

This study used a timi@variant approach, where the live load and temperature were assumed to be a single
point in time. The bias factor and COV for live load were selected asanih maximum for a 100 span.

The service temperature was assume@®@sF, for AASHTO Zone 2 conditions.
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Some of the steels investigated in this study wer

Legacy ASTM A242

Legacy ASTM A572 Grade 50
Modern ASTM A709 Grade 50
Modern ASTM A709 Grade 50W
Modern ASTM A709 HPS50W

= =4 =4 4 =4

Two plate thicknesses were assessed in the study: 1 in (25.4 mm) and 2.5 in (63.5 mm). Crack sizes were
varied from 0.1 i(2.5 mm)to 0.65 in(16.5 mm) with increments of 0.05 ifL.27 mm). Each material was
simulated for the different combinations between each of the plate thicknesses, crack types, and crack sizes.
Preliminary simulations used 50 000 trials in an Excel spreadsheet. Later, 5 million trials were tested but it
was found thathe reliability indices did not change much with the larger nurobsamples.

The reliability indexp js a numerical measure of the level of reliability in a syst#&rhigher reliability

index is associated with a lower probability of failure, and vice versa. In this study, each simulation
produced a probability of failure (number of failed trials divided by 50 000 total trials) which was then
converted into a correspoimg b value. It was found that the reliability index decreased as crack size
increased, as expectetihe eliability index also decreased for thicker components,iathwas also
expected as it is well known that thicker plate behaviour is more brittle. It was also found that the reliability
index was higher for the seralliptical crack than the edge crack, for the same flaw size. The authors

explain that the singledge crack has a higher stress intensity due to the crack shape pakameter

Further in the study, the maximum crack sizes corresponding with a target reliability indexwafr8.5
presented for each material. This target index value corresponds to the AASHTO specification for a target
failure rate of 1/5000 within the Agear design life span of a bridg@ASHTO, 2017) Not unexpectedly,

the maximum allowable crack size decreased as the plate thickness increased for each material. The
allowable crack size was smaller for the edge crack, again because of the higher stress intensity.
Additionally, the modern steels genkydad a higher allowable crack size compared to the legacy steels.

For examplefor a semielliptical crack in a 1 in (25.4 mm) plate, the maximum crack siz® in the

range of 0.16 iri4.1 mm)to 0.2 in(5.1 mm) for the legacy steels comparethrange of 0.2 in (5.1 mm)

to 0.52 in (13.2 mm) for the modern steels.

Overall, for the same plate thickness, the modern steels generally had improved performance. However,
this increase in performance is more prominent for larger crack sizes than smaller crack sizes for the modern
steels. For example, the reliability indeasymore than doubledat 0.65 in(16.5 mm)for Modern A709

vs. Legacy A572, and was only 15% bettes at0.1 in(2.5 mm)for Modern A709 vs Legacy A572. This
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can be attributed to the stress intensity factor equation, where the square root of the crack size is taken, so
the influence of is more prominent in the stress intensity fa¢tat smaller crack sizes. In other words,
at smaller crack sizes, reliability is more influenced by demand rather than material resistance.

These results demonstrate extra benefit in using modern steels: if there are manufactured defects, corrosion
effects, damage and fatigue which can cause larger cracks to be present in the material over its lifetime, the
improvement in reliability associatevith modern steels means that these structures would likely be safer
than those fabricated with legacy steels. The main objective of this US study was to quantify the relationship
between material toughness and fracture reliability in steel bridggesababilistic framework using MCS,

though there are several limitations on the scope of the work. Only two plate thicknesses were assessed: 1
in (25.4 mm)and 2.5 in(63.5 mm) which certainly showithe effect of plate thickness on brittle fraetu
resistance but does not extend further to illustiteesults from a wider range of thicknesgesly one
temperature zone was assessed: AASHTO Zorg92F, which corresponds to approximatedg °C. The

omission of other temperature zones, such as AASH®@eZ3 (60 °F, -51 °C), limited the study's
applicability to regions with severe climates, similar to those in Carattiitionally, this study did not

consider timedependency, and assumed that an extreme temperature and extreme load occurs at the same
time. Nonetheless, the findings highlighted the benefits of usiadern steels in improving structural
reliability, particularly in mitigating the effects of manufactured defects, corrosion daaradjéatigue

which can cause larger cracks to be preseeat thecourse of the bridge lifespan

2.6 Suggested Revisions to CVN Requirements in Literature

A study done byltstadt et al. (2014¢xamined the current base metal CVN requirements for ASTM A709
grades. In the study, a quantitative comparison between grades was done by finding the ratio between yield
strength and fracture toughned&S(k). The fracture toughness was estimated using the master curve
method proposed byallin (1992)with an assumed probability of failudg, = 0.5, and plat¢hicknessb

=50.8 mm It is noted that the master curve method is also the foundation of the Eurocode provisions for
design againdtrittle fracture. The master curve takes the following form.

gaa . . p

i1 - Equation2-34

O ¢mm pp X XADMpDY Y z o

In this equationT is the actual temperature angs defined as the temperature at which the median fracture
toughness ip 410 A . In Altstadt et al. (2014)yield stress is considered to be the demandKatite
resistance. A higlySK. ratio is taken to represent a low fracture resistance and vice versa. The study
presents two tables 33K ratios, for static loading and dynamic loading. It was observed that there were

large variations in th&¥ S/k ratios, ranging between 3.1 to 7.2 for static loading, and ranging between 4.4
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to 9.0 for dynamic loading. This indicated a significant variation in brittle fracture risk between the steel
grades, where the authors suggest that the CVN test temperatures and minimum impact energies should be
adjusted such that there is less variabetween the brittle fracture risksotably, the lowesY 3K, ratio

was observed for the 250 MPa (36 ksi) grade in most ¢dbenly exception being the &8i (HPS350W)

in Zone 1 having slightly better fracture resistance, as showalile2-2.

Table 2-2 YS/K: Ratios for Static and Dynamic Loading(Altstadt, Wright, & Connor, 2014)

Static Loading 1/10-s Loading Rate to Failure
Grade Zone 1 Zone 2 Zone 3 Zone 1 Zone 2 Zone 3
1m2(1/inY3)  1/mY2(1/in2?3)  1/mY2(1/in23) | 1/m2(1/in2?3)  1/mY2(1/inY3)  1/m2(1/in1?3)
250 MPa (36 ksi) 3.6 (0.6) 3.5(0.6) 3.6 (0.6) 4.6(0.7) 4.7 (0.7) 4.9 (0.8)

250 MPa (50 ksi) 5.0 (0.8) 4.9 (0.8) 5.0 (0.8) 6.4 (1.0) 6.5 (1.0) 6.8 (1.1)
50 ksi (HPS350W) 3.1 (0.5) 3.9(0.6) 4.8 (0.8) 4.4(0.7) 5.3 (0.8) 6.3 (1.0)
70 ksi (HPS485W) 3.7 (0.6) 4.7 (0.7) 5.8 (0.9) 5.1 (0.8) 6.2 (1.0) 7.5 (1.2)
690 MPa (100 ksi) 7.2 (1.1) 7.1(1.1) 7.2 (1.1) 8.6 (1.4) 8.7 (1.4) 9.0 (1.4)
100 ksi (HPS690W 4.5 (0.7) 5.7 (0.9) 7.2 (1.1) 5.8 (0.9) 7.2 (1.1) 9.0 (1.4)

It is observed that the 250 MPa (36 ksi) grade had the I0¢&#& ratio for most of the categoriesTiable

2-2, with the only exception being the 50 ksi (HPS350W) in Zone 1 being slightly better. The authors
identified that it would be most appropriate to use a uniform crack tolerance that is consistent across all
grades, but there was insufficient data withinih®. bridge industry to define a suitable critical defect size

or crack tolerance. Thus, the authors calibrated CVN requirements based on the 250 MPa (36 ksi) steel
grade as a baselingiven its historically good performanddew CVN requirements were ggested to

make the fracture resistance more consistent across the different steel grades and temperature zones, as

summarized imable2-3.

Table 2-3 Calibrated CVN Requirements (Altstadt, Wright, & Connor, 2014)

Yield Strength - CVN Energy | »qt forllgt (0°F) LAST :Z-%rz]ﬁg (30°F) LAST :z%rleg (60°F)
MPa (Ksi) J T (°C) T (°C) T (°C)
250 (36) 34 21 4 12
350 (50) 41 4 20 35
485 (70) 41 29 45 61
690 (100) 41 49 65 81
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As of the latest iteration of AASHTO LRFD Par{8ASHTO, 2020) the suggestions made Aitstadt et
al. (2014)have not yet been implemented.

2.7 Initial and Design Crack Size from Literature

One of the critical parameters required for application of the Eurocode fracture medtizagidsapproach
is a design crack sizay. This parameter is defined in the Eurocode as the sum of an initial flas size
the fatigue crack growth over time. 8edlacek et al. (2008)he fatigue crack growth is calculated over

500 000 cycles, which is suggested to represent approximately one quarter of the service life.

O @ x Equation2-35

The initial crack sizegy, is assumed to depend on plate thickness and taken as:

¢ mdlp - AleOpd [T @®d I- A0 pd | Equation2-36

wheret is the plate thickness [mm], ad= 1 mm.

Thebasisfor Equation2-36 appeargo be the European Standard EN 10B3§&uropean Standard, 2004)
wherein the maximumermissible depths of discontinuities for welds are tabulated in a step function and
also depend on plate thickness. Smaller imperfeciomsonsidered to be inherent of the manufacturing
process and are permissible. Additionally, there is no limit on the number of defects permissible under the
threshold sizes. Surface defects exceeding these depths would need to be repaired befortitbasstr
commissionedGiven the initial crack sizey, the resulting design crack sizg, after fatigue crack gmwth

is modelled, can alsempiricallybe represented as a function of plate thickness, and is taken as:

W ¢Ppmo ePpTm O ToTP T™OT W Equation2-37

In thereport byZamiri et al. (2018)theauthors also say thag§ may be approximated as half the thickness
of the cracked plate for simplicity. The book Hyssbaumer et al. (201fpjovide a similar equation fag
that includes stress rangeg)ere & = 100 NS mm is the reference stress range. However, it is unclear

how this equation was developed to include the stress ranges (and thus, was not used in the subsequent

analyses for the current study).

v

® ¢ pmMO @ PMO THOX TWOU v . Equation2-38
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In the European Standard EN 101%8European Standard, 2004he maximum permissible depths of
discontinuities are listed in a table for Class C (general applications), sh@ahle®?-4.

Table 2-4 Maximum Permissible Depth of Discontinuities for Class C(European Standard, 2004)

Nominal thickness of the product, Maximum permissible depth of

t [mm] discontinuities [mm]
3 tO6 20% of t

6 t©20 1.2

2 0 t<OI0 1.7

4 0 t<(80 25

8 0 t<160 3.0

Imperfections smaller than the values in the table are considered to be inherent of the manufacturing process
and are permissible. Additionally, there is no limit onribenber of defects permissible under the threshold
sizes, i.e. a plate containing one defect and another plate containing one hundred defects, all under the
permissible depth of discontinuities, are acceptable pldtetace defects exceeding these depths would
need to be repaired before the structure is commissioned. These values in the table correspond loosely with
the values calculated using thgequation presenteid Equation2-36. For example, a plate of 25 mm
thickness has a= 1.61 mm, which iglose to the permissible depth in the tablegsf 1.7 mm.

Figure2-15illustrates these relationship$§initial crack sizeao, and design crack sizay, determined by
the Eurocode (EN 10163and EUR 23510 EN). The vertical difference betwaeamdap is the allowable
crack growth for the corresponding plate thicknesKiihn (2005) a similar figure exists with a lower

bound orag= 3 mm for thinner plates below 16 mm.
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— a4 (Equation 2-37)

g a, (Equation 2-36)
‘© a, (EN 10163-3)
g10 | Ao, = 56 MPa
0 N =500 000
X
Q
o
'8

1 LL

0 25 50 75 100 125 150

Plate Thickness, t [mm]

Figure 2-15Initial and design crack sizesrom EUR 23510 EN and EN 10163

Unlike the European standards, b@#nadian and American standards do not tolerate initial defects from
12.
to visual inspection shall be considered acceptable if visual inspection shows: a) no surface& aracks

(Canadian Standards Association, 20483 the American equivalent AWS D1.1 states in their visual

fabrication. The Canadiasteel weldingstandardW59-18 st at e s

i nspection criterdi
6.1) (American Welding Society, 2000)

Additionally, both codes have limitations on the length of-suitface defects (porosity or fusitype
discontinuities), but not for defect depth. This is showRigure2-16, a partial capture of Fig 12.5 from

a

t abl

e

t hat

W59-18, andsimilar figures with different axes exist for AWS D1.1.
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Figure 2-16 Example of subsurface length limitations, partial capture of Fig 12.5 from W5918

It is clear that there is a gap in the current North American welding codes for an allowable tolerance for
cracklike defects at the surface from fabrication processes, as-araetotolerance seems impractical. A

defect tolerant design may be more pradtfor new steel structures in North America.

2.8  Crack Detection Probability Studies

In establishing a design crack size, the influence of inspection on the failure probability may be relevant. A
challenge that arises when considering this aspect is the difficulty associated with detecting small cracks
and the high scatter in detectionemfssociated with methods such as visual inspection. For example, a
study done byCampbell et al. (2019ssessed 30 bridge inspectors and found that inspection of weathered
specimens yielded an average crack detection rate of only 11%, and paintee&spsgaided an average
crack detection rate of only 65%. Longer cracks yielded somewhat higher detection rates. Usodpa log
model, the authors calculated an average detection rate of 50% fof2dMdimm)crack and a 95% average
detection rate for a 5.5 {139.7 mm)crack. Probability detection curves can be found for other inspection
methods (e.g., magnetic particle inspection) elsewhere in the literature (see for exasgse, (199))
Practical questions remain, however, in what the actuddapitity of detection is for cracks on real

structures inspected under the difficult situations encountered in the field.

2.9  Hourly Temperature Modelling Methods
A probabilistic analysis of brittle fracture in steel bridgesdsessarily going to require a rational approach

for modelling the constantly varying ambient temperature during the service life.
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One possible approach to model hourly temperature in adé@pendent analysis would be to use historical
temperature data from multiple years, assume the temperature in a given hour of a given year can be
obtained by fitting (for example) a normal distrilon to the data for that hour over the multiple years, and

then randomly sample a temperature for each hour using the hourly statistical distributions thus obtained.
One issue with this approach is that independence of the temperatures in adjacestssursed, which

can result in highly unrealistic temperature jumps from one hour to the next.

Several sources discuss modelling temperature on an hourly basis by using historical data and applying a
sinusoidal curve to model the daily temperature cycle and linking the last and first hours between days. A
study done b how & Levermore (2004uggests three methods based on known maximum and minimum
temperaturesTmax and Tmin, Of each day and applying sinusoidal curt@sbtain hourly temperatures
between the extremes. TARHBSE methodshown in the following equations, relies on determining the

timestmaxandtmin at which the extreme temperatures occur in each day.
YO QJY "QJY 3 Equation2-39

where: fort < tmin:

X ‘gi 0 o . .
0 Al [ 0 0 P Equation2-40
G
for tmin<t < tmax
Ai 690 0_0 o)
0 0 P Equation2-41
G
fOI’ tmin< t
v 4G T O 0 .
"0 Al O CT © © P Equation2-42
G
and
Q Q p Equation2-43

The CIBSE Guide suggests the timbes andtmi» for each montl{Chow & Levermore, 2007)
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Table 2-5 Tmaxand Tmin Times Suggested by CIBSE Guide AZChow & Levermore, 2007)

Month Tmax time (tmax) Tmin time (tmin)
January 14 6
February 14 6
March 14 5
April 15 5
May 15 4
June 16 4
July 15 4
August 15 5
September 15 5
October 14 6
November 14 6
December 14 7

The Sin (14R1) methods similar to the CIBSE method but assumes Tat occurs in Hour 14 of each
day and thalmin occurs one hour before sunr{€ghow & Levermore, 2007)

The previous two method link temperature between hours but fail to consider the continuity between the
last hour of one day with the first hour of the next day, thus leaving the possibility for unrealistic temperature
jumps between days. The Linking Daysthiod provides an equation that addresses this cofCeow &
Levermore, 2007)

YO

Equation2-44

The Linking Days method equation may be used on its own, or witthdh@ndtmin assumptions of the
CIBSE method or Sin (14R) methodChow & Levermore (20073lso describe th@®-Sin methodwvhich

uses a combination Gfnax Tmin @NdTave andquartersine waves.

The study compared the performance of each method by assessing three aspects: root mean square of errors
(RMSE), comparing the average curves, and comparing averaged hourly data. The authors identified that
the Qsin method performed better than the S#R) and CIBSE methods for the three aspects, and also
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that when the Linking Days method was implemented, the results were better (smaller errors) than the same
methods using individual days.

Other sources have developed equations to generate hourly temperatures based on historical data, along
with the length of day using the latitudkinvill (1990) describes a method for modelling hourly
temperature for agricultural purpos&gjuation2-45 shows the equation for daytime warming wheie

the time after sunrise and DL is the day length in holks. and Tmin are the maximum and minimum

temperatures in the day.
YO Y Y DEL = 4 Equation2-45
50 1 \

Equation2-46 shows the equation for nighttime cooling whei®the time after sunset aflglis the sunset

temperature.

Y d 1o Equation2-46
I Tlgct 00 quiation=-

YO Y
2.10 Effect of Heat Affected Zones (HAZ) on Brittle Fracture
NCHRP Report 1056 addresses the {adtmtcted zone (HAZ) for welded structural steels, as current
specifications only focus on weld metals and base metals. High temperatures in welding processes create
microstructural changes in teteel, which in turn affect the mechanical properties of the matdradture
toughness includeNational Academies of Sciences, Engineering, and Medicine, 2023)

The toughness requirements for steel used in highway bridges are governed by standards such as AASHTO
M 270 and the AASHTO/AWS D1.5 Bridge Welding Code. These standards ensure the structural steel
meets the necessary chemical, mechanical, and toughngestipsothrough Charpy \Wotch (CVN)

impact energy testing. Howevengrrelations between CVN impact eneagydfracture toughness were not
developed for HAZs, antthe current specifications do not adequately address the toughness requirements
for HAZs.

A pilot study and full fracture characterization study involving CVN testskantests were conducted.
These studies indicated thhe toughness of HAZ may meet current requirements, though for some grades
can be significantly lower than that of the base metal, which can reduce the critical flaw Sizerease

the susceptibility to brittle fracture under service conditions. iErapparent in the reduction in allowable
critical flaw length compared to the historically accepted levels, particularly for AASHTO Zone 2 and
Zone3 service temperatures. It is also more apparent for fracture critical members compareidstctuen

critical members. Additionally, it was observed that some cracks in HAZ regions are unable to propagate

into base metal before reaching the criticalflsze.
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This report emphasizkthe need for HAZspecific toghness requirements and the authors prapose
changes to the AASHTO/AWS D1.5 Bridge Welding Code to fill the gaps in current specifications and
improve the overall safety and reliability of welded steel highwagges. These includehe prohibition

of electroslag welding (ESWG) for use in members subject to tensile stresses, updated commentary for
Clause 7 discussing HAZ impact testing, and additional commentary to Clause 12 remarking the trend of

decrasing fracture toughness with increasing heat input.

2.11 Fundamentalson Probability Theory and Probabilistic Analysis

2.11.1 Knowledge and Uncertainty
The Joint Committee on Structural Safety (JCSS) provides insighedundamentals of risk assessment
in engineeringJoint Committee on Structural Safety, 2008)

Uncertainty in systems can be classified into two main categories. The first category, aleatory (or Type 1)
uncertainty, arises from the intrinsic natural variabitifthe system. Examples of this include weather

conditions such as temperature, wind speed, and precipitation.

Epistemic (or Type 2) uncertainties are caused by a lack of knowledge, fypsrabdel uncertainties and
statistical uncertaintie§.hey generallyhave fixed butinknown valuesFor examplefor safety the yield
strength of stegbroduced fronthe manufacturing plantill have astrengthexceedinghe specified yield

strength The actual yield strength of tlsteel would be unknown until it is testedfailure.

Both types of uncertainties need to be accounted for in probabilistic modejingrallyin the form of
probability density functions with appropriate statistical paramefetditionally, gatistical dependency

between two or more parameters should be appropriately accouniedhi®model.

2.11.2 Risk Assessment
An important aspect of probabilistic design is risk assessment, wviglvesidentifying, evaluatingand

comparing potential hazards and their corresponding impacts on the structure.

The general equation faalculating risk is the probability ahe event multiplied by the consequences

resulting from that evepshown inEquation2-47.
YOI Bl ¢ OOOAE®T @7 6 QE OQ Equation2-47
Effective risk assessment on structural systems recai@gate system representation, including:

1 Exposures: Identifying elements at risk.
1 Hazards: Recognizing potential sources of harm.

1 Consequences: Estimating potential impacts.
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Some modern examples of risk assessment tools include Bayesian Probabilistic Nets and Influence

Diagrams.

Two key terms areommonlyusedwhen discussing risk: vulnerabilignd robustness. Vulnerability refers

to the susceptibility of a system to hamamd is typically related to risk over tineensidering all possible

events that could lead to such riskobustness measuraes s y sabildym@respond to changesnd

recover from adverse events.

Quantifiable indicators can be used to measure and compartoridiferent decisions alternatives. These

indicators help in identifying the most critical risks and prioritizing mitigation efftmtthe example of a

bridge shown inFigure2-17, indicators for exposure includiee functionality, location, environment, and

design life. Indicators for vulnerability includge of the structure, materials used, condition of the structure.

Indicators for robustness include redundancy of the structural systems, emergency prepdrediiess,

Scenarlo representation
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Figure 2-17 Risk indicators for a bridge scenario(Joint Committee on Structural Safety, 2008)

Decision trees for prior and posterior analyses are then ajtilhestrating thetechniques for comparing

the risks and benefits of different decision options

Ultimately, risk can be mitigated bis generally impractical to eliminate completely in engineering design.

Thus, there is some level of risk acceptance based on criteria diiekcgsle benefitseconomic impacts,

risks to people and safety, and environmental impaetsgible risks can be quantified in monetary terms,
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whereas intangible risks canndtcommon examples includlss of life, injuries, and sometimes
environmental impacts.

2.11.3 Philosophy ofReliability Analysisand Probabilistic Design

Due to failures in structural systems being rare occurreno@&gje tothe extreme events that occur on a
structure, and different structures being uniduee rfot all bridges are identical), it is difficult to compée
comprehensive set of failure datA. probabilistic design problem involves obtaining the statdti
information on each of the parameters involved, agidg them to develop a probabilistic model for the
load and resistance sidg®mmonly denoted é&andR, respectivelyPandey & Jyrkama, 2019)

The safety margiri, can be denoted & "Y where failure occurs Tt

2.11.4 Reliability Index
Reliability index(also known as the safety index the number of standard deviations above zero that
mean othe safetymargin(>z) is, shown inFigure2-18. A reliability index of zerandicates exactly a 50%

probability of failure, and a negative reliability indexlicatesa failure probability of greater than 50%.
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Figure 2-18 Probability density function of the safety index,Z (Pandey & Jyrkama, 2019)

Reliability indexcan be calculated using two different equatid@tuation2-49 can be used andR are
assumed to have normal distributions, leading, tilve linear combination GandR, to also be normally
distributed.

00YD YA w Equation2-48

(]

f S Equation2-49
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2115Tur kstrads Rul e

Turkstrads r ul e o nthatthe anaximanovalbei ohaddad from sne sotree {oe o one
type)is reached during the design life of a bridge combined with an instantaneous or mean addael of
from another source or another load tyipesimpler termdpecausextreme loads generally occurashort
time, it is highly unlikely that theextremevalues of two different load effects will occur at the same time

(e.g.anearthquakeccurrence pluan extremely heavy truck crossing a brid@)n, Wang, & Sun, 2014)

If the load combination is assumed to have two load effdatds st r a 6 s rul e can be

following form (Ghosn et al., 2003)

< I ABD o Equation2-50

where® j is the maximunvalue of combined load effects in a time period of
I A @ isthe maximum of all possiblaluesx; of the load effect.

i A@ isthe maximum of all possible valuesof the load effec®.

of is the mean value of the load effegt

of is themean value of the load effect

Equation2-50 can be summarized as follovEvaluate thdargest lifetime value of Load 1 plus the value
of Load 2 that will occur when Load 1as its maximumEvauatethe lifetime maximum of Load 2 plus

the value of Load 1 that will occur when Load 2itsts maximumSelect thdarger of the twdor design.

't i s worth not isregrictedidméar |0ad corkbinationa a@hebdsithatlare statistically
independenfNaess & Ragyset, 2000)

2.11.6 Monte Carlo Simulation

Monte Carlo Simulation (MCS) is now a common tool for scientésearch, which uses random sampling

and statistical evaluation where individual trials are independent of each other. One of the major benefits is
that it can be used for circumstances in which sampling would bént@ocbnsuming or impractical.
However, it also has downsides which include requiring a significant amount of computing energy, and the
model used can have imperfections or the code may have(lHagsson, 201Q) Thus spending much

effort in correctly setting up the models, input parameters, and debugging is crucial.

A common use of this is random sampling from a PDF function, or alternately, using the inverse CDF

method. The basis of the process is summarized in the following:
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1. Sample a value between 0 and 1 to represent a probability, which can then be correlated back to
the value of the parameter based on the dist
parameters).

Evaluate the model.

Tally the simulation results.

Re-evaluate n times.

a > w N

Construct histogram and determine probability of failure.

It is noted that the larger number of trials, the more accurate the simulation is.
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3 Methodology

3.1  Comparison of International Design Provisions

The following work presented in Sect®i has been published in CSCE 2020 Annual Confer@rareet

al., 2020) TRB 2021 Annual Meetir(§an et al.,2021) and the Transportation Research Rec@@tien

et al.,2021)with edits and modifications made for this the$ise results of the design code comparison
are presented in Chaptdr

Although the Eurocode takes more factors into consideréblodesign against brittle fracture than the
North American standardi is uncertairhow the results compare withe North Americarprovisions and
whether this increaseeomplexity is justifiedAs a first step in investigating these uncertainties, an analysis
was performed to compare the brittle fracture provisions in EN-198B with those in CSA S&9 and
AASHTO LRFD 2017 using a typicateelconcrete composite bridge based on a design example
developed by the Canadian Institute of Steel Construction (CISC) for teaching pughoses inFigure

3-1 (Canadian Institute of Steel Construction, 200@)is bridge has four threman continuous girders

(43m /53 m/ 43n) with flange and web plate thicknesses varying along the span.

12880

12000

i= /|

90

235

2100

1040 3600 3600 3600

Figure 3-1 Straight plate girder bridge design(Canadian Institute of Steel Construction, 2002)

The assumed detail on the girder is a weldbégdm with a web stiffener and a seslliptical crack

occurring in the bottom flange, as illustratedrigure3-2.
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Figure 3-2 Assumed girder detail for analysis
For comparison purposes, the structural steel grades chosen atd@@&350W (nominal yield strength of
350 MPa), which is roughly equivaleintyield strengthto European S355 (hominal yield strength of 355
MPa) and American 50W (nominal yield strength of 50 ksi) steels. Noteathah North America, the
European steels are availables@verasubgradesor toughness levelsorrespondingvith minimumCVN
impact energsfor differenttest temperatures. For the S355, the subgrades are summaiiaddcia- 1.

Table 3-1 Sub-Grades of S355tructural Steel

Sub-grade Test Temperature [°C] Impact Energy [J]
JR 20 27
Jo 0 27
J2 -20 27
K2, M, N -20 40
ML, NL -50 27

The first step of theomparative analysis involved varying plate thickness at a single reference point on the
girder while holding all other parameters constant, to study the effects of different thickness on the
toughness requirements between the three codes. The poirgcetasthelocation of maximum positive

bendingstress along the girdespan A second comparison wsendone for the entirbridge spanwhich
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looked at the changes in steel subgrade requirements using EN-1998here the stress level and plate
thickness were both varying along thédge length.

The CISC @signexample provided useful information on the typical dimensions and loads of straight
girder bridges, but the example is set in fda Cana
was needed to determine brittle fracture requirements, three Canadian cities of interest were chosen for
comparison:Waterloo, ON, Vancouver, BC, and Fort McMurray, AB. Each of these were selected to

represent moderate, mild, and severe climates in Canada, respectively.

3.1.1 Extreme Air Temperature Calculation

While CSA S6 bases brittle fracture design on two temperature zones depending on minimum mean daily
temperature and AASHTO uses three temperature zones depending on minimum service temperature, EN
19931-10 requires that the extreme temperature with-g€80 return period be specifiefio determine

this parameter, historical daily temperature data was collected from Environment Canada, and the lowest
daily temperature was determined for each yearExtreme Value Type 1 (Gumbel) distribution whasn

fitted to the datdpllowing the procedure in the Calibration Report for CAN/CS@&{for obtaining extreme

wind velocities from similar datase{é&\garwal et al., 2007)It should be noted that the sign on the
temperature data was reversed, to obtain the probability of exceeding a negative tempdnature.
cumulative distribution function (CDF) of the Gumbel distribution folldegiation3-1:

O°Y %80 %8 0| 24 Equation3-1
where

Y Y ™ Xjx,and Equation3-2

A p& Uj¢ Equation3-3

In this caseT is extreme (i.e., minimum) daily temperaturéeExtreme daily temperatuomrresponding

with anN year reference peridtas a CDF, which is expressedsquation3-4.

O Y %8 0 %8 0 O"Y Equation3-4
where

| | ,and Equation3-5

: C L0 Equation3-6

Equation3-1 throughEquation3-6 were applied with th&l = 50 yearsUsing the CDFs of the extreme-50
year temperature event,'9percentile values for this parameter were established (i.e. values associated

with a 5% probability of exceedancelhe resulting design extreme temperature values obtained for
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Vancouver, BCWaterloo, ON,and Fort McMurray, AB, were26 °C (-14.8°F), -45 °C (-49 °F), and-
57°C(-706°F) , respectively. | f tslkeegve cwene mpenmaitderesd , f
correspond to AASHTO emperatur&ones 2, 3, and 3, respectivéyASHTO, 2017)

3.1.2 Use ofEurocode Design Tables

Table 2.1in EN 19931-10 is the brittle fracture design table, which sets limitations on the maximum
allowable plate thicknesses for a given steel, stress level, and reference temperature. As described in
Section2.3.4.1 either interpol ati on, or a more simplifi

temperatures, can be applied when usingrttde 2.1

In the singlepoint comparison, interpolatiomas utilized: first interpolating the plate thicknesses at each
stress level (0.75, 0.%nd 0.2%(t)) corresponding to the reference temperature of each city, and then
interpolating the plate thickness for the appropriate stress(&véh(t)). The rounding method was used

for the entire bridge span analysishere the stress levéd.464(t)) was rounded to 0&(t) and the
reference temperature was rounded down to the nearé&st 10

The reference temperature for the severe climate, in Fort McMurray, fell below the lowest temperature
permissible in Table 2.1 in the current edition of EN 12910. For this analysis, as mentioned in Section

2341 the European Commi ssion Joint Research Centr
Brittle Fractur e f o (Feldharnktalw20Rpnde used for t&rperaiuces helove s 0
-50°C. Table 121 in this report covers plate thicknesses for temperatures dow2Q6C, but the table

values above50 °C are slightly different than prescribed in EN 19930. This is because the input
parameters in the report vary slightly from those used in the original development of EN-1993

However, the differences are minor. The extended TableHas been reecnmended to replace Table 2.1

in future versions of EN 1998-10, so thaise of the Table 12 in thisstudy wageasonable.

It is worth noting that the CVN test temperatures for subgrades of the European S355 steel are not all
specified for a 27 J notch toughnéebsh e Eur opean subgrades are converte
with an adjustment made to their test temperature USigtion2-33 (see Chapter 2 of this thesfsdm

Kihn (2005) to make direct comparison possible.

3.1.3 Deterministic Application of Fracture Mechanics Method

Analyses were also performed using the temperdtased Eurocode fracture mechanics method. To
compare the effects of CVN test temperature vs. plate thickness using this method, first, as the independent
variable to be plottedjifferent CVN test temperatures were set betwegh°C and 60°C at 10degree
increments.Trq (the temperature on the resistance side of the design equation) was calculated for each

designated temperature usiBguation2-18. Teq (Onthe action side of the design equation) was calculated
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usingEquation2-16. Note that for the adjustment ¥fY, values forKappis, kre andy are calculated using

several nested equations, based on the information and tables from the Eurocode 3 background document,
EUR 23510 ENSedlacek et al., 2008peverahssumptions had to be made in order to apply the correct
equations: an assumed fillet weld size of 10 mm, sliptical surface crack, crack depth to widdid)

ratio of 0.4, and design crack sagedetermined usingquation3-7.
W ¢ pmo @ pTmM O T CDPT O T W Equation3-7

The effective widthbes, for a surface crack is taken aap The stresses due to external loads is calculated

from Equation3-8.

, , pmaOA Equation3-8

wherel, is the stress due txternalapplied loads at that location of the span, and the additional 100 MPa
accounts for residual stresses due to welding. The stress applied to the gross section to achieve yielding of

the net section is calculated usiBguation3-9 for a semielliptical crack.

080

., 0 Qo0 p Equation3-9
The value ol is then calculated using tBguation3-10.
o ., 7 p Equation3-10

The plasticity correction factokgs is then calculated usirgquation3-11.

Q

forLLO 1 or LP=1816 for

Equation3-11

The value of is calculated using the equationsTable 26 from EUR 23510 ENSedlacek et al., 2008)
The applieK on the action side is calculated uskbguation3-12.
0 » A0 T Equation3-12

In this equation, the parametéis degndent on the crack shape and configuration and bas&aba 2
7 of EUR 23510 ENSedlacek et al., 2008Fora semielliptical surface cracky is calculated as:

0

® —
V)

Equation3-13

where:

0 p p8& @ - Equation3-14
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O 0 0o - 0 - JQ0QJIQ Equation3-15

The parameters of iRquation3-15 are functions of defect size, defect width, and plate thickness. The
calculation of parametdy is also dependent on the crack shape and configuration, ba3ettler24 of
EUR 23510 ENSedlacek et al., 2008For a semtélliptical crack, the equations used are as follows:

b 6 - O 1 Equation3-16
where:

Y 0 0 o} — .
o} n&)nlp(m&cruax T[8ICT8.) natnnoaw T[8Iplp6(p T[@TPT_TGJ Equation3-17

Q m@ic ¢ Yo (p:g ™ (9[_;_ ™ C 0 F— Equation3-18
vJ TuLJ
whereT is the web thickness in these equations (not to be confused with tempetasuiteg,flange plate
thickness B is the width of the flange] is the angle of the fillet weld (assumed to be 45°) laisl the
longitudinal length of the weld. After calculating the valueKgi, krs, andy, Tags calculated from
Equation2-17 Excel 6 s SOLVER function wa g,suhstleaileq=tTea s ol ve

for each CVN test temperature increment fr& °C and 6(0°C. These were plotted alongside the curves
for the AASHTO and Eurocode simplified method.

The process was repeated by varying the design crack size by +20208ntb assess the sensitivity of
the results to defect size, and again repeated for weld sizes of 25 mm and 50 mm. For each of these cases,

the Microsoft ExceBOLVER was used to obtain the plate thickness.

At thelocation of maximum positiveendingstress along thepanthe ratioof, 7'Q 6 was 0.46, which
is close to 0.5. Further graphs were plotted at stress ratios of 0.25 and 0.75 to study the effect of stress level.
Analyses at each location along the span were then performed to generate curves of CVN temperature vs.

location, which cow be compared with similar values using the other code provisions.
Chapterd presents the results of thedecomparison described in this section.

3.2  Development of Preliminary Timelndependent Probabilistic Model
The work presented ihis section has been published in the CSCE 2021 Annual Confér&teestures

Specialty(Chienet al.,2021) with edits and modifications made for this thesis.

Following the preliminary comparison of codes, a probabilistic analysis was performed to compare the
sensitivity of changes in each of the inpatrameterof the Eurocode fracture mechanics limit state

equation to the@nnualprobability of failure,P;. The Eurocode equations and tables were first automated
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using Visual Basic. Monte Carlo simulation (MC@ng & Tang, 2006)vas then used to obtai. By
simulating a large number of trials, the sensitivity of Ba¢o changes in each input parameter can be
determined.

Pr can then be used to calculateannuateliability index,b, (andvice versausingEquation3-19, where
0 is the CDF of the standard normal distribution.

0 B I Equation3-19

It is worth noting that every reliability analydims some degree of tirgependency associated with it
However, for the purposes of this thestine-independeritrefers toan annual analysis without hetar
hour fluctuations in parametershereas a timdependent analysis involved hourly treatment of parameters

later on.

3.2.1 Distribution Types and Statistical Parameters

In the probabilistic implementation of the Eurocode fracture mechanics method, bias factors are applied to
the deterministic model parameters, typically in
the various sources of uncertainty asstd with eaclparameterTable3-2 summarizes the deterministic

values assumed for each input parametath sources given where appropriatEhese parameters are
previouslyintroducedn the Eurocode methodis Section2.3.4 In this tablet andB are the girder flange
thickness and width, flange stresses at the location of interedt@otedvith a, andH, andW, are the

weld height and width associated with the critical detail. The weld parameters are used to calculate the local
stress intensity factor using equations not shown here for reasons of brevity. To apply these equations, a
weld detail geometry must lassumed. In the calibration of the Eurocode simplified method, a longitudinal
plate attachment detail was assumed, due to its relative seilerdiirated inFigure 3-3. Thus a similar

detail is conservatively assumed in the current analysis.
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Weld
Detail

Figure 3-3 Characteristic weld detail from (Sedlacek et al., 2008)

Table 3-2 Deterministic Model Parameters

Parameter Units Value Source
Fy MPa 350 (Canadian Standards Association, 2019)
t mm 25 (Canadian Institute of Steel Construction, 2002)
B mm 375 (Canadian Institute of Steel Construction, 2002)
Tmd °C locationdependent -
oor, °C -5.0 (Sedlacek et al., 2008)
T °C 0.0 -
TR °C 0.0 -
oo °C 0.0 -
Ol ect °C 0.0 -
Tor °C -20 or-30 (Canadian Standards Association, 2019)
a m 0.0022 (Sedlacek et al., 2008)
CoLbe MPa 102.99 (Canadian Institute of Steel Construction, 2002)
CpLac MPa 21.43 (Canadian Institute of Steel Construction, 2002)
G, MPa 64.78 (Canadian Institute of Steel Construction, 2002)
Hw mm 10 -
Wiy mm 10 -

Table 3-3 summarizes the bias factors assumed in the probabilistic an#lys@rmal distribution was

assumed for the air temperatufgq, as it can take both positive and negative values. The distributions for
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fy, t, B, a, 0, H, W, andtcover were assumed to be lognormal as they cannot have negative values. The
Eurocode temperature adjustmengs, along with the 23 notch toughness test temperature, were assumed
to be constant.

The statistical parameters for the rmmnstant variables were found in literature. For lognormal
distributions, the scale and shape parametees)d ¢, were then calculated usirigguation3-20 and

Equation3-21, respectively.

1T L. Equation3-20

- 11p = Equation3-21

Sources used to establish the distribution type, mean, and CQOV for each bias factor are given in this table

where appropriaté€Concerning parametersTiable3-3, the following additional information is noteworthy:

1 The COV of the extreme minimum temperature was calculated following a procedure described in the
CAN/CSA-S6 Calibration RepoifAgarwal et al., 2007)

1 The COV of the crack sizeas taken as 0.2 frovojdani et al. (2018)For the base case, a 2i?n
crack size constant is assumed, as was done for the Eurocode simplified method cqiaiatioann
et al., 2012)This parameter is varied subsequently in a parametric.{tNdie: lateon,this parameter
is calibrated using a process that will be described )ater

1 The bias factor for the dead load stress was obtaineddemmadian Standards Association (204:8h
type D1 (factoryproduced components) assumed for the entire dead load. In reality, if the concrete
deck were cadgnh-place and covered with an asphalt wearing surface, a larger COV would be
appropriate, or separate bias factors should be useddbrdead load source. Uncertainties in the
brittle fracture resistance can be captured using bias fa@®rnd Z10, to consider uncertainties
associated witt he brittl e fracture fdAmaster curveo foru
conversion, based on raw test data in EUR 2351(3eNIacek et al., 2008%teel grades S355, S460,
S690, and S890 were tested (and are reported in this reference) and the lower shelf of the master curve
was fitted. Since the master curve was fitted to the average of th&@8@&ta multiplicative factor to
model the scatter of test data for the fitting, which has been assigned a mean of 1.0 and standard
deviation of 25%. Usig this value, a close replication of the 50%, 95%, and 5% failure probability
curves for the raw test data frdfig. 2-7 in EUR 23510 ENSedlacek et al., 2008puld be produced.
Note that the 20 0 JAI term is not multiplied byZ9 becausé< = 20- 0 I represents the lower

bound for cleavage fracture in steels, and therefore the stress intensity factor cannot be lower than that
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value(Wallin, 1992) Also note that in later iterations of the probabilistic model, an improved approach
for modelling this statistical variable was employed, which will be described later.

Z10is an additive factor to model the scatter in test data correlating the fracture mechanics transition
temperatureTios to the Charpy test temperatuiieys. which has been assigned a mean of 0 and
standard deviation of 0.13 (the transition temperature standard deviatiofiG3, X#sed on the raw

data fromFig. 2-8in EUR 23510 ENSedlacek et al., 2008yurther elaboration on how this was done

will be discussed where the time dependent reliability model is described.
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Table 3-3 Statistical Variables for BaseCaseAnalysis (Ft. McMurray)

Z Modifies 4 Vz (Ciz) Distribution Source
Z1 Fy 1.101 0.0915 Lognormal (Kennedy & Baker, 1984)
Z2 t 1.02 0.012 Lognormal (Kennedy & Gad Aly, 1980)

50-year service period, calculated based

Z3 Tmd 1.0 0.0569 Normal (Agarwal et al., 2007)
Z4 a 1.0 0.20 Lognormal (Vojdaniet al.,2018)
Z5 Cip1 1.03 0.08 Lognormal (Agarwal et al., 2007)
o 50-year service period, calculated based
Z6 UL 1.5228 0.0304 Lognormal (Agarwal et al., 2007)
Z7 Hw 1.0 0.16 Lognormal (Kalaet al.,2009)
Z8 Wy 1.0 0.16 Lognormal (Kalaet al.,2009)
Z9 Master Curve 1.0 0.25 Lognormal (Sedlacek et al., 2008)
Z10 %VN to S.IF 0.0 (13°C) Normal (Sedlacek et al., 2008)
onversion

The modified limit state function is presentedEagiation3-22 to Equation3-24.

3 y T

0’ —— qm: XT%80 p MO — Equation3-22

u° TU » B . :?) O NI WD oWl Equation3-23
Q Q

YUY 3 YY O YY O YY YY J# Equation3-24

The results of analyses conducted using the described methodology are presented ib.Chapter

3.3  Development of Preliminary Time- Dependent Probabilistic Model

Following the preliminary timéndependent probabilistic analysis conducted using Excel Visual Basic, it
was concluded that the treatment of the traffic load and extreme cold temperature was highly simplistic (i.e.,
to conservatively assume the worst logdand lowest temperatudering the analysis period will occur at

the same time) and that it was necessary to cast the problem asdepiemelent reliability problem, to

capture the extreme traffic and temperature fluctuating realistically over time.

This section presents a first attempt to develop automated code to perform reliability analysis in a time
dependent framework, whichvolved transferring th¥isual Basiccode into MATLAB andhenlooping

the codeterativelyto perform essentially an heby-hour analysis over the course of an entire year
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The work presented in theection has been presented previously at the CSCE 2022 Annual Conference
(Chienet al.,2022) with editsand modifications made for this thesis.

3.3.1 Preliminary MATLAB Code Procedure
After the code was transferred into MATLAB vitas verified by generating an equivalent procedure in
Excel, which was not as rapid to implement, but allowed the calculation steps to be understood and checked.

The iterative analysis procedure employed in both implementations is as follows:

1. GenerateKma: cumulative distribution functions (CDFs) for different deterministic temperatures in
Waterloo, ON (range betweeB5 °C and +55°C, using 10°C increments).

2. GenerateKappia CDFs for different deterministic stress levels for highwaggetraffic in Waterloo,

ON (ranging between 1 MPa and 400 MPa, with 50 MPa increments).

3. Using historical temperate data betweef0032021 for Waterloo, Ontario, a random numb€ris
generated between 0 andAlprobabilistic temperature model with a normal distribution is assumed
andX0is used to sample a temperature for the time step of interest.

4. For each time step (hour) in eygar simulation:

a. Pick random numbexX1to get trial value for resistance uncertainty associated with the bridge detalil
of interest.Obtain the temperature for the time step from the annual temperature history that was
randomly selected in Step 3. and deternkingfor that time step by linearly interpolating between
the two Kmat CDFs generated in Step 1 bounding the actual temperature at the time step with
ordinate =X1. This is illustrated irFigure3-4.

T=-55°C T =-45°C T =-35°C

CDF 4 J_;f CDF 4 I_;f CDF r’:ﬁ
f / !

X1 —> X1 = )

A > y > >

mat,1 mat mat,2 Kmat Kmat

A
Kmat,z

(Kmds Tactua)

Kmat,l

»
»

T=-55C T=-45°C

Figure 3-4 Sample schematic of determinind<mat
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b. Pick random numbeX2t o get t r i asblicitaterb uené¢ ert aihret yii. associ
bridge detail of interest**(**Note: X2 accounts for the bridge detail parameters such as the actual
weld geometry, crack size, etc., which affgt,q but do not vary from one hour to the next over
the year.)Jsing historical traffic data for Ontario, obtain the stress level for the time step*** and
determineKappia by interpolating between the twWyspa CDFs generated in Step 2 bounding the
actual stress level at the time step with ordina#2=This is illustrated irFigure 3-5. (***Note:
there are several ways this can be done: 1) a similar approach to the one use for temperature can be
used for a site where hourly peak stress or load levels are available for an entire year, or 2) peak
hourly stress or load level due to traffian be simulated using a truck weight or load effect
histogram, fitted to a continuous distribution, which can then be sampled using extreme value
statistics theory in a manner similar to the one used to calibrate the live load factors in CSA S6 (see
Agarwal, 2007) and MCS sampling with an additional parameé{&y Which accounts for hourly

fluctuation in the live load. For the current study, the latter approach was employed.)

0 =100 MPa 0= 150 MPa 0= 200 MPa
CDF — CDF 4 — CDF 4 —
/ X2 » X2 ’
! ! !
— > v — v >
K K K
appld appld1 appld appld2 appld
A
Kappld,z

___________ (Kappig,  actld)

Kappld,l

»

& = 15C0 = 20C

Figure 3-5 Sample schematic of determiningd<appid

c. Determine whether failure occurs by checkingaifyid> Kma:for that time step. If yes, record failure,
and if not, go to the next time step.
5. This process is repeated for each time step (hour) throughout the year to determine if the detail will fail

within the year ornotforthet ear si mul ati on or Atri al 0.
Repeat for many-$earsimulationsto determine the annual probability of failure of the detail.
It is worth mentioning that the MATLAB model was verified againstMB& model described in Section

3.2t0 ensure consistency
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3.3.2 Distribution Types and Statistical Parameters

In the previous probabilistic implementation of the Eurocode frach@ehanicanethodin Section3.2,

bias factors were applied to the deterministic inj
are defined to account for the variossurcesof uncertainty associated with each parameter. It was
identified that further investigation was needed to capture the uncertainties in the other parameters
embedded in the Eurocode fracture mechanics method, including some theoretical functions foeggarame

such as the correction factors on the action side of the limit states function.

Table 3-4 summarizes the updated bifastorsand their distribution type, mean a@®dV, with sources
given where appropriate. The new parameters that are being treated probabilistically from the previous
study are indicated k¥11throughZ15in Table3-4.

Table 3-4 Statistical Variables and Distribution Types

z Modifies 4 Vz (Uz) Distribution Source

Z1 Fy 1.101 0.0915 Lognormal (Kennedy & Baker, 1984)

Z2 t 1.02 0.0120 Lognormal (Kennedy & Gad Aly, 1980)

Z3 Tmd 1 0.1509 Normal 1 hour service period, calculated bas

on (Agarwal et al., 2007)

Z4 a 1 0.2000 Lognormal (Vojdaniet al.,2018)

Z5 Cp1 1.03 0.0800 Lognormal (Agarwal et al., 2007)

Z6 G, 0.8524 0.1144 Lognormal 1 hour service period, calculated bas
on (Agarwal et al., 2007for Waterloo,

ON

Z7 Hw 1 0.1600 Lognormal (Kalaet al.2009)

Z8 Wiy 1 0.1600 Lognormal (Kalaet al.2009)

Z9 master curve 1 0.2500 Lognormal (Sedlacek eal., 2008)

Z10 CVN to SIF 0 (13°C) Normal (Sedlacek et al., 2008)

conversion

Z11 Us 1 0.25 Lognormal (Walbridge, 2005)

Z12 Cieg 0.93 0.12 Lognormal (Agarwal et al., 2007)

Z13 alcratio(crack 1 0.32 Lognormal (Walbridge & Nussbaumer, 2007)

shape)
Z14 M 1 0.05 Lognormal (Walbridge, 2005)
Z15 SCF 1 0.04 Lognormal (Walbridge, 2005)
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Concerning parameters Trable3-4, the following additional information is noteworthy:

1

In this tablet is the girder flange thickness, flange stresses at the location of interest are denoted
with /7, andH,, andW,, are the weld height and width associated with the critical detailakhe

ratio is the ratio between the crack depth to witithis a weld toe correction factor, asCFis

the stress concentration factor relating the local stress to the far field (nominal) stress.

The weld parameters are used to calculate the local stress intensity factor using equations not shown
here for reasons of brevity. To apply these equations, a weld detail geometry must be assumed. In
the calibration of the Eurocode simplified method, agitudinal plate attachment detail was
assumed, due to its relative severity. Thus, a similar detail is assumed in the current analysis.
Uncertainties in the brittle fracture resistance can be captured using bias Z&8c&amd Z10, to
considlenmncertainties associated with the brittle
fracture toughness conversion, based on raw test data in EUR 235Ekébcek et al., 2008)

Steel grades S355, S460, S690, and S890 were tested (and are reported in this reference) and the
lower shelf of the master curve was fitted. Since the master curve was fitted to the average of the
data,Z9is a multiplicative factor to model the scatter of test data for the fitting, which has been
assigned a mean of 1.0 astdndard deviation of 25%. Using this value, a close replication of the
50%, 95%, and 5% failure probability curves for the raw test data from+ign EUR 23510 EN
(Sedlacek et al., 2008puld be produced. Note that the 2@ A Vtérm is not multiplied by9
becausé& = 20- 0 A Vrépresents the lower bound for cleavage fracture in steels, and therefore
the stress intensity factor cannot be lower than that \(sadlin, 1992) Again, note that in later
iterations of this model, an improved approach for modelling this statistical variable was employed,
which will be described later.

Z10is an additive factor to model the scatter in test data correlating the fractateanics
transition temperaturd,oo, to the Charpy test temperatufie;s. which has been assigned a mean

of 0 and standard deviation of 0.13 (the transition temperature statelaation is 13°C), based

on the raw data from Fig-2in EUR 23510 ENSedlacek et al., 2008)

The results of analyses conducted using the described methodology are presented iB.&ection

3.4

Time-DependentProbabilistic Assessment of Reliability Levels in CSA S6

This section is a continuation of the previous work in refining the-tiependent probabilistic MCS

framework. Due to the computational demand of the preliminary-diependent MATLAB code, the

original code was largely rewritten to improve the processing speed, which involved using a matrix form

for calculations at each time step instead of loops. In addition, parallel processing was leveraged, and the

author used the SHARCNET consortium of superconm@yttems for additional computational resources.
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This newer code version was able to run a case of 10 000 MCS trials within seconds, which allowed for
larger studies involving 1 million, 3 million, or upwards of 5 million trials to improve accuracy for cases
where the probability of failure was very loRetails of the methodology are presented in the following

sections

This work has beepublished in théASCEJournal of Bridge Engineerin@Chienet al.,2024) with edits

and modifications made for this thesis.

3.4.1 Limit State Function and Probabilistic Framework
In Section2.3.4.2.1 the basic brittle fracture verification froBedlacek et al. (2008 presented. This can
be written as a limit state functiog(x) (Equation3-25) wherex is the vector of statistical input parameters,

andg(x) = 0 isthe failure surfaceKma is the material resistance, aKdappu can be thought of as the

solicitation or Al oado.
Qe 0 0 Equation3-25
where:
0 ) ng,ﬁm Q Equation3-26
0 ¢ T X T%8 0 : 8 ppO— Oi T— Equation3-27

In Equation3-26 for K* 5ppu, the parametendeq, aq, Y, My, kre, | all take the same definitions as described

in Section2.3.4.2.1 In Equation3-27 for Kma, Ted andber also take the same definitions as described in
Section2.3.4.2.1Two additionabarameters are added to modify the original master ciiraedU,, which

are detailed in SectioB.4.3 The reliability analysis was performed by identifying limit state function
parameters to be treated probabilistically, assigning distributions to these parameters, and then sampling
them in a series of MCS Atr i ad@p<O0)iScomtedanddivided of t
by the total number of trials to obtain taenualprobability of failure,Pr, andannualreliability index,b.

3.4.2 Climate and Load Models

For the current study, t h@howid Levernorgd2g07)id asgdstomodee t h o d
hourly temperature. It is assumed as a simplificatianthe minimum temperature occurs at 5:00 each day

and the maximum temperature occurs at 14:00 each day. This is generally representative of most months
throughout the year, with some exceptions being the maximum temperature possibly occurringaat 15:00
16:00 in summer months, and the minimum temperature ranging between 4:00 and 7:00 depending on the

seasor{Chow & Levermore, 2007)
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Two locations were selected to represent the two climate zones in the CSA t&bles (Canadian
Standards Association, 2018)d demonstrate the proposed methodology. Waterloo, ON, was selected as

representing the Amoderateo climate, wi t30°Ca mi ni n
Whitehorse, YT, was selected as representing the *
of -52°C, according to Figure A3.1.2 in CSA 8Banadian Standards Association, 20T®ey are referred

to as simply AClIlimate 10 and Climate 20 hencefort

It is worth mentioning that Waterloo and Whitehorse roughly correspond to Temperature Zone 2 and
Temperature Zone 3, respectivedg,definedn AASHTO (AASHTO, 2020) Howeverthis statement must

be qualified by notingthsf ASHTO defines design temper at(noteee as fAr
it is understood that Awith a 1% probabiwhérday of e X

CSA S6 defines it as fiminimum mean daily temperat

Historical hourly temperature data was gathered from Environment Céaadeonment Canada, 2022)
and used for the hourly temperature simulatiBigure 3-6 illustrates upper and lower envelopes of
temperature data for Climate 1 and Climate 2, with the mean hourly temperatures highlighted in red and

the mean daily temperatures in a typical year in black.
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Figure 3-6 Hourly temperature envelopes and means for Climate 1, 2063021 (top) and Climate 2,
19532021 (bottom)

To establish realistic extreme loads for a weld detail on a steel highway bridge, tfoedeas stress/load

ratio was first selected &#D = 0.5. It should be noted that the actual ratio can be much highparticular

for long span bridges. To address this aspect, a sensitivity study was subsequently performed on this
parameter. The load combination for ultimate strength design was taggiCas p&0 T1850. The dead

load factor (1.1) for factorproduced components, live load factor (1.7) for ULS Combination 1 were
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obtained from Chapter 3 of CSA 86. The resistance factor for steel yielding (0.9) was obtained from
Chapter 10 of CSA S&9 (Canadian Standards Association, 20N9minal live and dead load stresdes,
andL, were thercalculated as a function of the yield strength inputepresent a detail that just passes the
ULS Combination 1 verification. After this, to model fluctuation in the live load and extreme live load
events, a database of 10,000+ trucks measured using stationary scales by the MTO was kiggae(see
3-7), and for a given traffic volume (average daily truelfic = 4000 trucks) extreme value statistics were
employed to obtain a distribution for the peak hourly live load. A Gumbel distributiothemagsed with

statistical parameters establisHeliowing a procedure described Svrianoet al.(2017)
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Figure 3-7 MTO 1995 truck databaseGVW histogram

It is noted that the histogram Kigure3-7 is one of gross vehicle weight (GVW), whereas the ULS limit
state function requires a load effect or stress. In using the GVW histogram directly, a load effect such as
momentin a long span bridge is effectively being modelled, where the GVW and load effect histograms

have the same form.

3.4.3 Statistical Parameters

In implementing the timelependent analysis, most of the statistical parameters are sampled only once per
bridge year, as the characteristicsnd fluctuate from hour to hour. The only parameters sampled each
hour are the temperature and live load. In simple termssdeeario simulated is one where different
identical bridges are (fictitiously) fabricated
(with a different climate history)Vhile noteworthy that bridges are typically dgeed for longer service

lives (50, 75, or even 100 years), a simplgear analysis is adopted for this study, as the effects of climate
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history and traffic volume may change in the futdilee assumed statistigahrameterare shown imable
3-5. It is worth noting that some of th&values inthis table may bedifferent from those presented

previously inTable3-4.

Table 3-5 Statistical Parameters and Distribution Types

Bias Factor Vz ({z)

z Variables Units  Mean @) Bias COV Distribution Source

Z1 Fy MPa  Varied 1.101 0.0915 Lognormal (Kennedy & Baker, 1984)
Z2 t mm  Varied 1.02 0.012 Lognormal (Kennedy & Gad Aly, 1980)
Z3 B mm 375 - - Deterministic -

Z4 Tmd °C Calculated hourly

Z5 nTr °C -5 - - Deterministic -

Z6 ntT °C 0 - - Deterministic -

z7 nTr °C 0 - - Deterministic -

Z8 NTep °C 0 - - Deterministic -

Z9 NTect °C 0 - - Deterministic -
Z10 To7s °C Varied - - Deterministic -
Z11 ad m Varied - - Deterministic -
Z12 Cio1 MPa - 1.03 0.08 Lognormal (Agarwal et al., 2007)
Z13 e MPa Calculated hourly
714 Hw mm 10 1.0 0.16 Lognormal (Kala et al., 200p
Z15 Wy mm 10 1.0 0.16 Lognormal (Kala et al., 2009)
Z16 th - Uniform distribution (min. = 0, max. = 1)
Z17 te °C 0 - (13°C) Normal -
Z18 Us MPa 100 1.0 0.25 Lognormal (Walbridge, 2005)
Z19 CEd MPa 1.0 0.93 0.12 Lognormal (Agarwal et al., 2007)
Z20 alc(crack shape) ratic - 0.4 1.0 0.32 Lognormal (Walbridge & Nussbaumer, 200
Z21 Mk - 1.0 1.0 0.05 Lognormal (Walbridge, 2005)
z22 SCF - 1.0 1.0 0.04 Lognormal (Walbridge, 2005)
723 DAF - 1.0 1.15 0.104 Normal -

The parameters ifable 3-5 were retrieved fronthe literaturein most casesyith referencessshown.

Parameters were treated deterministically if they did not have significance or significant uncertainty
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associateavith them. Justification of these parameters can be found in the cited sources, and most are well
established istudiesdescribing code calibration of load and resistance factors for ultimate strength (ULS)
design (e.g.Fy, t, Ua1), or probabilistic fracture mechanibased fatigue reliability analysis (e.gs, a/c

ratio, My, SCFH. The two most important statistical parameters established specifically for the current study
wereZ16andZ17, which account for the uncertainties associated with the use of the master curve and those

associated with the conversion from CVNitacture toughnesgspectively.

Z16(ty) is arandomvariable with a uniform distribution and rangeQdto 1 used to model uncertainty in

the master curvelhis scatter in the resulting scatter associated with the master curve is sHeigurén

3-8 (left) with 5000 trial points. The bounds of these trial points can be compared with probabilistic
envelopes irBedlacek et al. (2008)vhich show a good match with the scatter in available testIti&a.

worth noting that this is slightly different that what was done in the previous se@i@msd0) to model

this source of scatter, but the difference is small and this approach is better aligned with the foundational

principles on which the master curve concept is based.

Z17 (%) is an additive factor to model the scatter in test data correlating the fracture mechanics transition
temperatureTiog, to the Charpy test temperatufe;s. which has been assigned a meani @nd standard
deviation of13 °C, based osedlacek et al. (2008 s showrin Figure3-8 (right).

100
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Figure 3-8 Master curve scatter considered byl parameter (left) and raw data from (Sedlacek et
al., 2008) including trendlines for +/-2 {lused to establishi, parameter (right)

3.4.4 ConversionCVN Test Temperatureinto Equivalent 27J Temperature
To make a direct comparison possible, CVN test temperatures in the AASHTO and CSA S6 tables were

convertedo an equivalent 27 J notch toughness, uBiggation2-33 from Kithn (2005)
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The converted values are bold showTable3-6. These values are later shown graphically in Chapters
and7, and become relevant for suggesting new CVN requirements.

Table 3-6 Conversion ofTable 10.13 from CSA S6nto Equivalent T2z,

Base metal test temperatulior minimum Weld metal test temperatufefor minimum
service temperaturg, °C service temperaturg, °C
Min service temperatur ehr?:er:;/%J) Ts0-30°C  -30°C >Ts>-52°C ehrﬁlier]r;;g(;.]) Ts0-40°C  -40°C >Ts>-52°C
CSA G40.21 Grades
260WT 27 -13.89 -23.89 27 -23.89 -23.89
300WT 27 -13.89 -23.89 27 -23.89 -23.89
350WT and AT 27 -20 -30 27 -30 -30
400WT and AT 27 -20 -30 27 -30 -40
480WT and AT 27 -20 -40 27 -40 -50
700QT Not permitted
ASTM A709M Grades
250F 27 -1.28 -17.28 27 -23.89 -23.89
345F <51mm 27 -1.28 -17.28 27 -30 -30
345SF and 345WF 27 -6.04 -22.04 27 -30 -30
HPS 345WF 27 -22.04 -22.04 27 -30 -30
HPS 485WF 27 -37.39 -37.39 27 -40 -50
HPS 690WF < 65mm 27 -48.39 -48.39 27 -54.39 -64.39
HPS 690WF > 65mm Not permitted

3.4.5 Design Crack Depth

While the defect or crack depth,in a weld is known to be highly variable and have a significant impact

on brittle fracture riskestablishing a distribution for this parameter, considering both fabrication tolerances
and the possibility of future fatigue crack growth, is an extremely difficult task without access to fabricated
structures or broad knowledge of industry practicessnd such things as inspection and repair/rejection
structures with defects. Unlike the European standards for fabrication of steel structures, the corresponding
North Americanstandardsio not clearly acknowledge toleration oiti@al surface crachike defects from
fabrication and therefore provide little guidance on a suitable valuegfdfor example, CSAV59-18
statesh A wel d subject to visual inspection shal/l be
sur f ace ¢Cammdak Standaédé Association, 2018)
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To circumvent this issue and to illustrate practical implementation of the proposed methodology, for the
current study, it was decided to define a deterministic design crack dgpih model initial fabrication

fl aws that were miadséeédndut hegefosepeditdonofi | ead t
with some amount of sul@B@Lqueéht pavcgee empthygdowt
depth followed the suggestion Bytstadt et al. (2014that mild structural steel, it the current toughness
requirements, has a long track record of good performance. On this basis,g mib0 MPa) steel plate

with moderate thickness£ 38 mm) was used to calibrate a design crack depth that resulted in an adequate
reliability level. This crack depth was then used to assess reliability levels for other grades, plate thicknesses,

etc. This process is summarized as having the followigsst

1. 350 MPa steel was chosen as the reference strength for calibration.

2. In contrast withwhat was assumed in the preliminary study, for this studytatgetannual
reliability index was defined ds= 3.25, based on CSA 9® for assessment of structures with
intermediate system behavio82 (redundancy), element behavidt® (ductility), and inspection
possibility INSP2 This is deemed to be reasonable for illustrative purposes of a primary tension
member, though a higher target reliability index may be appropriate for fracture critical members.

3. Torsfor the selected steel was determingdcording toCSA S619, 350 MPa steel is required to
achieveT,7; = 0°C for a primary tension member in Climate Zone 1.

4. The deterministic crack depty was then varied until the tirdependent reliability analysis
yieldedb = 3.25. On this basiss = 053 mm was selecteds the design crack depth.

Figure3-9 (left) explains this calibration process. It is worth noting this valuadis generally lower than

the values used in the deterministic Eurocode code calibrationF{gaee 2-15), suggesting further
reflection on the appropriate values égand the targednnualreliability index may be beneficial. It is also

worth noting that a design crack size of this size, in reality, likely cannot be detected through visual
inspection as discussed@ampbell et al. (2019)n the current study, these values are nevertheless retained,

on the basis they serve the purpose of demonstrating the proposed methodology and commenting on the

consistency of the reliability levels provided in the current code.
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Figure 3-9 Calibration of a4 (left) and b vs. T27; curves for various steel strengthgright)

With a4 established fot = 38 mm, and again for illustrative purposes and with limited guidance from the

North American structural welding standards, subsequent reliability analyses for different plate thicknesses

were performed with two assumptions: 1) thais the same for all plate thicknesses, and 2) dhat

remains constant and equal to 0.53 mm / 38 mm = 0T01ig.is summarized ifable3-7.

3.4.6

Table 3-7 Design Crack Depth Cases

. Casel Case 2
Plate[;t#]c]:kness (ad [mm] based on calibration (ad [mm] based onadl/t ratio =
from t = 38 mm, constant) 0.014)
25 0.53 0.35
38 0.53 -
75 0.53 1.06

Time-Dependent Reliability Analysis

A MATLAB code containing three segments was written to implement thedapendent reliability

analysis. This analysis can be broken down into the following primary steps:

1.

Statistical parameters and deterministic input parameters are defined.

Parameters that need to be sampled once per bridge year are sampled.

The historical hourly temperature database is read, and daily maximum and minimum temperatures
are identified from the hourly data for each year in the historical database.

For each day in the trial year, maximum and minimum temperature is sampled assuming the daily
maxima and minima in the historical database follow a normal distribution.

The linking days methofChow & Levermore, 20074% used to calculate an hourly temperature for

the hour time stepKma:is then calculated using that temperature.
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6. The live load for the time step is sampled from the Gumbel distribution for hourly extreme live
load obtained from the real traffic databasesppa is then calculated using that live load.

7. A ductile fracture check is performed, to determine if the applied stress is sufficient to yield the
cross section. If yielding occurs, a failure by ductile fracture is recorded.

8. Failure by brittle fracture is assumeda{k) < O.

9. |If failure has occurred, it is recorded, and the next bridge year is simulated (go to Step 2).

10. If failure has not occurred, the next time step is simulated (go to Step 5) until the end of the year.

11.Thi s process repeats until the required number

12. Results Pr andb for ductile and brittle fracture, and number of trials) are writtesin output file.

A flow chart illustrating the model procedure is showirigure3-10.
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Define input parameters
Fu b, B, T AT, T274, G, 0py, Oy Hiw W 83, 65 0, 0g, M, SCF, DAF

Y

Sampleparameters

once per bridge year I4

v

Read hourly min. temperature data

Read trafficdata

h 4 Sampletemperature fortime step, T,,.,
| Sample LL for time step, o;; | {Chow and Levermore, Linking Days <
Method)
A 4
| Ductile fracture check |
DL+LL>g,
. y
Record ductile failure Caleulate K'yppi Calculate K.
Equation 3-26 Equation 3-27

I |
v

| Brittle fracture check |

Kot =K appia < 0

Equation 3-25

Record brittle failure

v
—>| Stop when 8760 time steps are completed OR when a failure is recorded |

v

| Stop when the total number of bridge years “trials™ is completed |

'

Calculate:

pdm: tile
an'm‘s
Educrﬁe
an ttle

Figure 3-10 Flow chart for time-dependent model

Theresults ofthe studies using the new codespresented in Chapter 6.

72



3.5  Sensitivity Studieswith Time Independent Model andDevelopment of Design Tools

To accomplish Task (from Sectionl.2), the final goal of the project was to develop practical tools for
bridge designers. This involved greatly increasing the number of analysis cases, including varying the
demaneto-capacity ratio, and further sensitivity studies involving influence limetysion of temperature

data from different cities, varying traffic volume, and considering multiple vehicle presence.

To further save computational time, this part of the project involved an investigation on whether reverting
back to a using a timedependent method would be a viable option to further increase analysis speed. Due
to the conservatism in the tinedependat method (i.e. assuming maximum load and minimum
temperature occur at the same time), the design crack size watibrated. Much of the overall

methodology mirrors that in Secti@d, with changes in the timiedependent aspect.
The methodology is presented in the following sections

This work has been submitted to the Canadian Journal of Civil Engineering, with edits and modifications
made for this thesis. Parts of this wdrks been presented at the CSCE Annual Conference(@&het
al., 2024)

3.5.1 Limit State Function and Probabilistic Framework

The approach taken for this study closely mirrors that of the methodology presented in Féctiith a
few modifications for the timéndependency,sing MCS tosee how often failure occufwhereg(x) < 0).
By counting these failures and comparing them to the total number of simulatioaantreprobability

of failure, P;, andannualreliability index,b, can be calculated

The limit state function used in this part of the project is the same as in the previous study, presented in
Equation3-25. Realistically K* appu fluctuates over time as the traffic load changes kKandluctuates over

time as the ambient temperature changes. Howavéhis section a simplistic and conservative way to

deal with this time dependence is adopted: to assume the coldest temperature and the highest traffic load
happen at the same instant during the analysis pénitdg case, one year, for annual probability of failure).

This modellingapproach izonsidered reasonaldsK* ,,pa fluctuations(which are minimalgare dwarfed

by the much largeKma: fluctuations(later shown in Chaptes).

3.5.2 Climate and Load Models

Agai n, climate data from Waterl oo and Whitehorse
Climate 2 s evlethe®ection?.2SepsidivitytStudiess hoyever, a broader range of

locations within each zone are assessed and compéistdrical yearly minimumtemperature data was

gathered from Environment Canafianvironment Canada, 2022nd used for the yearly temperature

simulation assuming an extreme value Gumdbistribution.
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In the previous study, it was noted that the load ratiD,= 0.5 was relatively low, and perhaps not
appropriate for longer span bridges. Therefore, aln@ato-dead stress/load ratwas selected and used

in this last stug of L/D = 1.0.This is close to the liveo-dead ratios observed in design examples such as
in Canadian Institute of Steel Construction (20829 Sedlacek et al. (2008xand hence assumed to be a
typical L/D.

Thesameoad combination for ultimate strength design wesd:pO p&0 m8@SO. Nominal live and

dead load stressd3,andL, were thertalculatedcorrespondingly.

Statistical parameters for the live load were calculated using an updated truck database from 2012 from the
MTO, with the histogram illustrated Figure3-11. These were slightly different from the ones calculated
using the 1995 data in the previous studyGémbel distribution waasedto obtain a distribution for the

peak yearly live loag] for different traffic volumes (an average daily truck traffic, ADTT, ranging between

50 and 4000 trucks was assumed for the sensitivity studies).
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Figure 3-11MTO 2012 truck databaseGVW histogram

3.5.3 Statistical Parameters
The assumed statistical parameters are mostly the same as the previous study, pré&siegiSnwith

a few minor differences:

91 For the time independent analysis, all statistical parameters are sampled only once per bridge year,
including Tma andCi. (which are no longer sampled hourly).
1 Z17 (&) is an additive factor to model ttseatter in test data correlating the fracture mechanics

transition temperaturd;oo, to the Charpy test temperatuiie;.. It has been assigned a mean of

74



0 °C. Different sources may suggest different standard devia@wacek et al. (2008uggests
a value of 13C, though other sourcéGollinset al., 2016¥5uggest larger values based on different
correlation methodsOn this basisa standard deviation of 34°Z was choserfor the Wallin

correlationbased orCollins et al. (2016)

All other parameters are assumed to be the same as thicsae3-5.

3.5.4 Design Crack Depth

The process of calibrating a design crack depth followed the same steps as the previous study, outlined in
Section3.4.5 usinga mild (Fy = 350 MPa) steel plate with moderate thickneéss 88 mm)andannual
reliability index ofb = 3.25 Through linear interpolatioras = 0.13 mm was selected as the design crack
depth illustrated inFigure3-12 (left). This crack depth is smaller than the previous value of 0.53 mm, due

to the conservatism in the tiniedependent model in assuming the maximum load and minimum
temperature occur at the same time. A crack this size would be even less likely to be fospédation,

though it is retained for illustrative purposes in the sensitivity studies and creation of new design tools.
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Figure 3-12 Calibration of ag (left) and b vs. T»7; curves(right)
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3.5.5 Time-Independent Reliability Analysis andT>7; Calibration
The timeindependenmATLAB codeusingMCS followed the primary steps:

Statistical parameters and deterministic parameters are input into the code.
Parameters that need to be treated probabilistically are sampled.
The historical temperature database consisting of yearly minima is read, and a minimum
temperature is sampled for the trial year assuming the historical database to follow a normal
distribution.
Kmatis then calculated using that temperature.
The live load for the time step is sampled from the Gumbel distribution for yearly extreme live load
obtained from the real traffic databaké.pypa is then calculated using that live load.
6. A ductile fracture check is performed, to determine if the applied stress is sufficient to yield the
cross section. If yielding occurs, a failure by ductile fracture is recorded.
Failure by brittle fracture is assumedy{i) < O.
If failure has occurred, it is recorded, and the next bridge year is simulated (go to Step 2).
This process repeats until the required number
10. Probability of failure Ps) for each mode is calculated by dividing the failures by total number of
trials. b for both ductile and brittle fracture are subsequently calculated.

A flow chart illustrating the timéndependent model is shownkigure3-13.
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Figure 3-13 Flow chart of time-independent model
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Thiswas repeated for differefitz;, varying betweerb0°C and 20°C (at 10° C increments), and different
yield strengths presented in CSA S6. Curveg:nfvs b were generated for each steel grade. A line of best
fit was generated, and the recommend@iggwas calibrated to the targbt

The processwvas then repeated for different demetoetapacity ratio§DCR), ranging between 0.5 to 1 at
increments of 0.125The DCR affects the scaling of the dead and live stresses, sugi®iBat p&0
‘006 "¥1wSO. This may be useful for posting load limits on a bridge to ensure the target reliability is met.

Contour plots ofy vs. To7;vs. DCR were then generatesing MATLAB. Valuesof T»7;above 20C were
capped, as CVN testse generally natonducted above room temperature.

The results of the studies and new design ta@presented in Chapt&r

78



4 Comparison of Design Provisions for a Typical Bridge

As a first study taassess thievel of consistencyn codes around the world, a comparison between the
Eurocode, CSA S6, and AASHTO ER Part 6 was mad&igure4-1to Figure4-6 were produced to show

the variation in the required CVN test temperature corresponding to the required steel gigraelstb

the three design codes for varying plate thicknEgpure 4-7 shows the changes in the steel toughness
requirement along thieridge span due to changes in the girder plate thickness and applied stresses at each

point, using the EN 1993-10 provisions.

4.1 Part 17 Single Point Analysis

The toughness requirements in CSA S6 are independent of plate thickness, as refrgshatedange
horizontal line inFigure4-1 to Figure4-6, and are more conservative than EN 19980 for thinner plates
resulting in a lower CVN test temperature requirement forriitch toughnes®oth codes have the same
toughness requirement in the middle range of plate thicknesses, and EN1098 more coservative

for thicker plates. The AASHTO toughness requirement also varies with thickness, havatVieollows

a similar trend in being more conservative than the Eurocode for thinner plates and less congarvative
thicker platesvhen the CVN test requirements from the AASHTO Table C6.4.afe converted from
Imperial to Metric unitsThis is illustrated as the grdine in Figure4-1 to Figure4-6. Solid lines for both

the CSA and AASHTO curves represent the-fragturecritical member in the case of the case study
bridge used, but the dashed orange and grey lines show the results for what would be fracture critical
members, had there been any om lbhidge. It is noteworthy that the Eurocode makes no such distinction

between regular and fracture critical members, as is done in North America.

Figure 4-1 to Figure4-6 also show that the EN 199310 fracture mechanics method follows the same
trend as the simplified method, with the simplified method being slightly more conservative. The yellow
curve representbe results from the standard defeize calculated usingquation3-7, while the dark blue

and green curves represent the results winedefect sizeqy, is varied by +20%.The dashed lines of the
fracture mechanics curves exceeding the 20 °C CVN test temperature indicate the theoretical upward trend
of these curves, while realistically, CVN tests would not generally be conducted at those higher
temperaturesrigure4-la shows the results using the capecified temperature for analysis, dfidure

4-1b shows the resulat a common ambient temperature (before applying anygpelgfied temperature

shifts). It is observed that for the common temperature scenario, the Eurocode curves are shifted to the right,
extending the range of thin plates for which the Eurocodesgsdenservative than the North American

counterparts for this example.
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Figure 4-1 Required CVN test temperature for Waterloo (ieq/ fy(t) = 0.46)

Similar trends were observed for Vancouver, showRigure4-2, and Fort McMurray, shown iRigure

4-3. Although this analysis is specific to a particular loading scenario for the CISC design example bridge
and the climatic data for the three cities of interest, the step furictioth from the simplified method is

similar for other European steel grades, such that toughness requirements for thicker plates are more

rigorous.
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Figure 4-3 Required CVN test temperature for Fort McMurray ( Ueq/ fy(t) = 0.46)

80



Figure4-4 to Figure4-6 illustrate the effects of the changes in stress level on the toughness requirement.
(Note: codespecified design temperatures are assumed in this comparis@an be seen that when a
plate is subjected to lower stress levels (f(8% the CSA and AASHTO requirements are consistently
more conservative for the range of plate thicknesses considered. At the higher stress levelgtdptdd6
0.75f,(t), the EN 19931-10 curves for both the simplified and fracture mechanics methods shift to the left,
becoming more conservative for thicker plates, while the CSA and AASHTO still remainvadiveefor

thinner plates at these stresses. The red dashed line on the graphsfgt) Gof5Waterloo and Fort
McMurray represents the limit on maximum plate thickness from the Eurocode 3 simplified method,

meaning that any plate exceeding the limit would not be permissible for those stress and climate conditions.
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Figure 4-4 Required CVN test temperature for different stress levels for Waterloo
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Figure 4-6 Required CVN test temperature for different stress levels for Fort McMurray

4.2  Part 27 Entire Girder Analysis

Depending on the stresses and plate thickness, the toughness requirement along the length of the bridge can
vary significantly, based on EN 199310. This is shownn Figure4-7. As expected, a mild climate such

as Vancouver may utilizesaaller range of steels with lower toughnesguirements using the simplified
methodi between JR to K2, M, N while the climatic conditions of Waterloo would require the full range

of subgrades for the European S355 steel grade. In the severe climatelchartray, a steel sugrade

could not be specified fdspan Referencél (in the vicinity of the intermediate bridge pier), where the
maximum negative moment occurs, as indicated by the dotted red liRiggiia4-7c). This discontinuity

occurs because the plate thickness exceeds the maximum allowable plate thiekesstor the toughest
available sulgrade of S355 for the particular stress condition and reference temperature using the
simplified method. In thisase, a different steel grade would need to replace the S355 for the plate thickness

at this location to fall within allowable limits.

Itis also observed that the fracture mechanics curve follows the same trend as the simplified method, similar

to the single point analysis. In general, the toughness requirement from the simplified method remains more
conservative than the fracture medieammethod, with few exceptions near the 5 taoril@istance from the

abut ment. This could be due t o t heTahles2dof ENf199B he fAr o
1-10 to generat&igure4-7, where stress level and reference temperature were rounded up on the table
instead of interpolated. It is also noted that since the fracheehanics method is generally less
conservative than the simplified method, there is no discontinuity at Span Reference 11, and the steel grade

of S355 would be permissible.

This type of graph could help designers determine the toughness requirement to properly specify steel grade
for the design of new bridges. Although the toughness requirement varies along the length, it is generally
preferable to use the same grade alorgetitire bridge for ease of construction. In this example case study,

the pier is the location of maximum negative stress and governs the fracture toughness requirement for the

82



entire bridge. It is observed that the locations of lower toughness requirement (i.e. JR subgrade) are
generally near the inflection points. One possible use for this type of output might be to permit a lower
toughness level at positions along the spaerothan the critical one for assessment purposes, such as
assessing a point along the bridge span where a fatigue crack has been detected or the structure has been
damaged e.g. by vehicle impagdt or has a fatigue prone detail present.
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5 Probabilistic Fracture MechanicsAnalysis

In thischapter, the results apeesented forhie preliminary comparison of codesghichled to thestudy of
implementing the Eurocode fracture mechaivica probabilistidramework withE x ¢ e | 6 s Vtd s u a | B
compare the sensitivity of changes in each of the input paranuétdre Eurocode fracture mechanics

method to the probability of failurd. These are presented in Sectidn$ through5.5.Each of these
demonstrates thepact of each parameter on the brittle fracture risk and the gaps that the current CSA S6

design tables may have.

In Sectionb.6, theinitial results and limitationgincluding thecomputational demangddf the initialtime-

dependent probabilistidATLAB codearepresented andiscussed.

5.1 Results BaseCase Analysis

First, a base casmalysis was performedhich assumed the bridge was located in Ft. McMurray, AB, and
fabricated with steel having notch toughnels; = -30 °C. Figure5-1 shows sample outpuisingMCS

with 10,000 trialsfor the histograms dfma: andK* 4pp0, Where failure is indicated by the areas where the
histograms overlapOn this basis of this simulationnannualprobability of failure ofP; = 0.0054 is

calculated § = 2.55) It is noted that thisnnualreliability index is low and would not satisfy fracture

critical requirementsHowever, te se results are to illustrate a fpr
later on and so no further effort is made at this stage to calibrate the model or otherwise address this issue.

The following should be noted:

1 The basis for this probability of failure calculation is ays@r service period, which is used to
calculate the extreme live load and the extreme cold temperature. It is then very conservatively
assumed that these two events occur at exactly the same tim

9 It should not be surprising that such a low probability of failure is obtained with such a highly
conservative assumption implicity made in the analysis. Clearly, in order to estimate the
probability of failure more reasonably, a tirdependent reliabilt framework is needed, where
the live load and temperature are allowed to fluctuate realisticallytioveyor the effect of this
realistic fluctuation is captured using an appropriate approximation.

1 For the purpose of assessing the implications of the assumed analysis period, in the sensitivity
studies presented in the following sections, two service periods are consideredydiae &€rvice
period employed in the base case analysis anglemtlsev i ce peri od, the | atte
probability of failureodo results, which stil!]l
extreme live load and temperature occur at the same time within the service period. In order to do
this, the statistidapproaches iAgarwal et al(2007)were employed with the raw traffic statistical

data for the province of Ontario for midspan moment of a simply supported 40 m girder. (In future
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analyses, more recent raw data for Ontario, BC, and Alberta could be used where appropriate.

However, for this study, the bridge @Al ocationo
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Figure 5-1 Sample output for base case (Ft. McMurray, 5§ear service period,T27;=-30°C)

5.2  Variation of Crack Size

As CSA S6 currently does not consideraraize in the design against brittle fractur@asametric study
for this factorwas of interest, due to the impact thahas in the equation fa¢* .ppia (recall Equation2-10
andEquation2-11).

Asemiel | i ptical crack shape was ass uTfmnemeancrackgize fAsi z e
was varied between 2 mamd D mm, and as expected, the probability of failure increases with increasing

crack size. The results are presenteéfigure5-2, highlighting theimpact that crack size ham brittle

fracture and reinforcing the need for this parameter to be considaredda Lookingat this figure, it can

be seen that the annual probability of failure curvesi aas expected lower than the 5€year service

period curvesas theopportunityof an extreme temperature event and high truck load occurring together

are more likely in a longer service period.

Note that in order to present curves with only two variables changing at a time (location, which affects
extreme temperature nominal and bias factor values, and mean crack size), the fracture toughness of the
steel was held fixed dk7;=-20°C, even though CS&6-19 would require a lower value €80 °C for the

coldest (Ft. McMurray) location. Looking at thezs@ves, it can & seen that as the climate becomes more
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severe, the probability of failure curve shifts upwards, as expdegae5-3 presents the corresponding
set of reliability index vs. mean crack size curves, basdthoation3-19.
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Figure 5-3: b vs. Crack Size(T27;=-20°C)
5.3  Variation of Load

In the next sensitivity study, the maximum nominal applied stress at the detail was varied to investigate the
effectof this parameter. The de#otlive load ratio was maintained all analyses. As can be sdegune

5-4, the resultshow an expected increase in the probability of failure with an increase in the maximum
nominal applied stressvhich wasexpected, due to the direct correlation betwéenand K* appiq in
Equation2-10 andEquation2-11. It should be noted that the higher stress levels in this analysis exceed the

nominal yield strength of theteel. This raises broader questions regarding the competing ductile and brittle
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fracture failure modesyarranting further study, which was incorporated latethe probabilistic studies
in Chapters and7.
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5.4  Variation of Weld Size
The fillet weld height and widthaffectthe calculation of thi parametefor semielliptical surface cracks
shown inFigure2-9. As shown inFigure5-5, the failure probability showed little change with variation in
the fillet weld size (in this case, height and width which are assumed to be equal). While the figure shows
the results for an 8 mm crack, the process was repeated for two other crackOsimesand 12 mm, and

the results were all consistently flat.
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Figure 5-5 P; vs. Weld Size(8 mm crack casg
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5.5  Variation of Plate Thickness

The plate thickness affects several parameters of the fracture mechanics model, including the calculation
of the crack shape correction factof, correction factorfor semielliptical cracks,My, the critical crack

front length bt (for certain crack shapes), and theoughthickness adjustmentgl:. This means than

the Eurocodet affects parameters on badletion and resistancgdes,K* appia, andKma, of Equation2-9,

and its impact on the probability of failure was not as clearaxk size and load.

The simulation results from flangeplate thickness variatiostudyinterestingly showed a locatinimum

point in the P; vs. flange plate thickness output, in contrast with the monotonically increasing curves
obtained in the first two studidsitially, the failure probability is high, as the crack takes up a significantly
large proportion of the overall platiepth making ita point ofweaknessas there is an insufficient amount

of uncrackedlangearea to prevent failure. In the first portion of the grapllecreases when the thickness
increases, as gradually the crack is taking up less ofdlse section. At a point near 50 mm thickness, the
local minimum is reached. Beyond the optimpoint, thePs increases again as the increased thickness
causes a reduction in ductility. The graph for&ham crack is shown iRigure5-6.

Plate thickness variation was simulated for four different mean initial crack sizes ranging from 6 to 12 mm.
The results for the 12 mm crack are showifrigure5-7. In general, the trends were seen to be similar.
However, as the mean crack size increases, the flange plate thickness for which the probability of failure
by brittle fracture is a minimum also increases. Also, as expeittegrobabilitie®f failure increase for

all cases with an increase in the mean initial crack size or severity of the local climate.
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5.6  Preliminary Time-DependentProbabilistic Model
As it was noted in thbase case analysis that the assumption of minimum temperature and maximum load
is conservative, a timdependenprobabilistic modebetterreflects the realistichourly fluctuations in

temperature and loadihich is described iBection3.3.

PDFs and CDFs generated ##a, Which capture uncertainty in the toughness of the material (Step 1 in
the procedure described $ection3.3.10f this thesi} are shown irFigure5-8. The CDFs are used to for

the interpolation of a value #fna:based on the hourly temperature (Step 4a).
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Figure 5-8 Probability and cumulative distributions for Kmat
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The PDFs and CDFs fét* appiq, Which capture uncertainty in the stress intensity factor due to applied loads
(Step 2 in the procedure describedsiection3.3.10f this thesiy are shownn Figure5-9. The CDFs are
used for the interpolation &* app0 based on the maximum hourly live load (Step 4b).
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Figure 5-9 Probability and cumulative distributions for K* appid

Figure5-10illustratesexamples of the fluctuation of the minimum hourly temperature (left) and maximum

live stress (right) for each time step, in dr@mur increments, over the course of one year (8760 hours). The
input hourly temperature was calculated by random sampling &amrmal distribution of recorded
temperatures at each hour between 2003 and 2021. Furthermore, the live load was sampled at each hour

using the Gumbel distribution method discusseflgarwal et al. (2007)

40 100
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Figure 5-10 Sample temperature and live load stress fluctuations over one year
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Figure5-11 shows the results of a set of MCS trials simulating 100 years of service, for an assumed crack
size of 14 mm. In eaclrhourtime steptemperature and load are damly sampled, which is then repeated

for 8760 hours (time steps) per ye@his process ithen repeated for 100 service yearthis simulation

It is observed that the annual probability of failuré¢his analysiss converging on approximately 0.5 after

the first few yearsAlthough this probability of failure is quite high, it should be noted that this only shows

a preliminary result of an example scenario with a high failure probability associated with dafgely

crack size of 14 mm.
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Figure 5-11 Annual probability of failure over number of iterations (100 years)

It was initially hypothesized that generating CDFs at the first step, and using interpolation between the
CDFs at each time step wolddve computational energysiowever this was proven to be false as tugle

took approximatel\22 hours for 40,000yearanalysisFor-loops weradesigned to break and jump to the

next year if a failureoccurredwithin the year, thus for larger crack sizes (or scenarios where a larger
probability of failure is expected to occur), the codekta shorter time to run compared to the smaller
crack sizesHowever running the model for longer analysis periogssespecially crucial for the smaller
failure probability scenarios, whiatasof higher practical interedtlitimately, this version of the code was
abandonedue to thénigh demand in computational tigthough it is still shown in the thesis as a possible

methodologyof generatingCDFs for interpolation.
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6 Time-DependentProbabilistic Assessment o€urrent CSA S6DesignTables

In this chapter, the refined MATLAB model described in SecBidrare used tassess the extent to which

the Canadian provisions provide uniform and adequate levels of reliability against brittle fracture over a
range of steel grades, plate thicknesses, and clim@tseral additional sensitivity studies are also
presented for th& parameter (which characterizes uncertainty in the conversion from impact toughness to

fracture toughness), strain rate, livedead loadl(/D) ratio, and design crack size.

Before presenting results of the tirdependent reliability analysis, it is perhaps worthwhile to explain what

is happening in the analysis during a typicafehr houtby-hour simulation.Figure 6-1 illustrates an
example of the first 1500 hours of a year with SIFs fluctuating over time, where a failure by brittle fracture
is counted whetKma: drops belowK* 5500 Or g(X) < 0. Worth noting in this figure is the relatively large
fluctuation inKma, Which are driven by the daily and seasonal temperature fluctuations, are dominant over
the relatively minor fluctuations iK* appie, Which look like they could almost be ignored, with minimal
impact on the probability of failure predictioharger fluctuations irK* ;o0 may be seen if a more
sophisticated traffic simulation were performed, including truck platooning and natural daily fluctuations
in the volume or nature of the truck traffic. However, since a primary objective of the current work is to
verify existingCVN testrequirements for consistency from a reliability perspective, the employed approach
is thought to be reasonable for the intended purpose, and no further effort is made to explore situations that
might result in larger hourly fluctuations in tH&,,,u parameter for a specific site.
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Figure 6-1 Typical Kmarand K* 5ppi fluctuation over time
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6.1

6.1.1 Effect of SteelStrength

With ay calibratedto a value of 0.53 mm using the process described earlier in SaatiGrreliability vs.

Reliability Index Provided by CSA S619 for Various Cases

design T27; curves can be generated for various steel stren§thsas shown inFigure 3-9 (right).

Alternatively, reliability analyses can be performed with Tag set to the value specified in the design

tables in CSA S6, and the reliability level provided by the deBigrcan then be calculated. The resolts

such an analysis are showrFigure6-2, againfor the cas®f t = 38 mm andagain withag = 0.53 mmfor

the locations in both climate zonés this figure, the lack squares indicatesults forbase meta(BM)

andthewhite diamonds indicate weld me(aV/M).
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Figure 6-2 Annual reliability index for t = 38 mm,a= 0.53 mm

From Figure 6-2, several conclusions can be drawn. Fitsis iobserved that many of the current CVN
requirements do not meet the targenualreliability index ofb =3.25, particularly fothigher strength

steels. This is more significant in the colder Climate 2. On the other hand, thetamg&iteliability index

is exceeded for the lower strength steels. The choice of steel strength used for the calibration has a
significant influence. However, regardless of this choice, it is apparent there is a lack of consistency in the
provided safety levelacross the various steel strengths according to this analysis. For a given steel strength,
variations in the provided safety levels are also sae differeni,z;requirements are specified by the code

for some steel alloys having essentially the same strength. In general, the weld@,metgjuirements

provide slightly higher safety levels, which can be explained presumably by the code writers being more
concerned about the prospects of brittle fracture happening in the weld metal and addressing this concern

by specifying slightly highetoughnessequirements for the weld metal.
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6.1.2 Effect of Plate Thickness

Figure 6-3 to Figure6-6 show similar analysis results covering a range of plate thicknesses, with the two
assumptions concernirgg (i.e., thatay is either independent of or linearly proportional to plate thickness).
Looking at these figures, similar trends are seen for the relationship between safety (reliability) level and
yield strength, across a range of plate thicknesses. In general, thiéitieliaiels are seen to decrease with

an increase in plate thickness, as the plate thickegsfrom 25 to 75 mm. This trend occurs regardless

of the assumption made regardmgbut is more pronounced whais varied with platetticknesst. It is

also noteworthy that some of the milder steels, which previously met theaargegtlreliability index for

the base case analysis=(38 mm, Climate 1), no longer meet it, particularly in the colder Climate 2.
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Figure 6-5 Annual reliability index for t = 75 mm,a=053mm
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6.2

To73Required to Achieve Consistent Reliability Level

By varying theT,;; for each steel strength and generating curves like those shdviguire 3-9 (right),

appropriatel,;; valuescan be established, which will result in a consistent reliability level.

From the parametric study, graphsbofs. T»7; were plotted and the resulting slope and intercept values

were obtained, to interpolate or extrapolate the deSigtbr the targeainnualreliability index.A sample
graph is shown ifrigure6-7 andFigure6-8 for t = 38 mm andag = 0.53mmin Climate 1for CSA G40.21

Grades and ASTM A709NBrades, respectivelsimilar graphs were produced for all other cases.
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6.2.1 Effect of Steel Strength

By drawing a horizontal line at the target reliability index level on a graph such as one of theFigeein

6-7 or Figure6-8 and noting where this line intersects the reliability s, curve for a given steel yield

strength, curve can be generated of requltegvs. yield strength, which can then be compared directly

with the T2z requirements in the existing CSA-36 design tables.

To illustrate,Figure6-9 shows the old and newly recommended for the base case bE 38 mm andy

= 0.53 mm, where the old toughness values are the data points obtained from the I25deSi§n tables

and

t he

proposed

or

finewo

toughness

v al

ues

have

paragraph. It is worth noting that in CSA-$8, not all the CVN test temperatures are defined at a 27J
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notch toughness. In order to facilitate the graphical compafsprtion2-33 developed byKihn (2005)
was used to convert values in the table to equivalent test temperaturgsifoChapter2.
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Figure 6-9 T,7; before and aftercalibration for t = 38 mm,a =053 mm

Looking atFigure 6-9 (left), is observed that for thease offy= 350 MPa, thecalibratedT.7; value for

Climate1 falls in the middle of the range of currently specified requirements at®C, which is expected,

as this was the calibration point for establishangAs the yield strength increases or decreases, a difference
between the specifiethz; and the calibrated,;; can be seen, which corresponds with the shift infthe
requirement that one might recommend, based on the current analysis. For Climate 2, it can be seen that
this shift is generally more pronounced.Rigure 6-9, for comparison purposes, the AASHTYN test
requirements for steel alloys permitted by both the Canadian and US standards are also indicated (in orange).
In essence, the AASHTO and CSA-$8CVN testrequirements for these alloys are seen to be identical,
suggesting that the findings of this analysis may also hold relevance with respect to the AGSINTO
testrequirements, although repetition of these analyses with US truck GVW data and representative climate

data is recommended to confirm this.

6.2.2 Effect of Plate Thickness
Figure6-10to Figure6-13 againshow similar analysis results covering a range of plate thickndsses (

to 75 mm), again with the two assumptions concerning the design crackaiepth,
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Figure 6-13 T,7; before and after calibration fort =75 mm,a=1.06mm

Looking at these figures, it is seen that the change in the requitdfore and after calibration increases
significantly as plate thickness increases and climate becomes more severe. On the other hand, this analysis

suggests that the desi@VN testrequirements could be reduced for thinner plates and milder steels.

6.3  Sensitivity Studies
6.3.1 COV of Z17 (i) Parameter

From a review ofCollins et al. (2016) it was realized that the COV of the CVN to fracture toughness
conversion may be much larger thidwe one suggested Bedlacek et al2008)and used in the current

study (13 °C). Using a larger COV of 34.2 °C basedColiiins et al.(2016) a new design crack size for

the base case scenario (Climaté=138mm) was calibrated and found to be equal to @ Using this

new COV and calibrated design crack size, a figwvs. yield strength curve was generated, using the
procedure described earlier. The result was a minor change (increase) in the slope of this curve. This is

illustrated inFigure6-14.
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6.3.2 Strain Rate

A key assumption in the model presented previously is that there is no strain rate adjustment, based on
Sedlacek et al. (20084 literature review revealed that a large range of strain rates may be observed on a
bridge.Kiihn (2005)states that vehicle crossings are in the gsiagic stress range, between*16 10's

1 I'n this
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not ed

t hat

t he

the peak strain rate typically does not coincide with the point inwihen the load effect is greatest as a

truck passes across a brid§edlacek et al. (2008hows a design example where the strain ra@edi3s

s'1 Barsom (1975¥tates that the typical strain rate encountered on actual bridges is closer to slow loading

than impact loading, and is around®}. Based on this, amdditional study was conducted using a strain

rate of 1%, into Equation6-1, wherely =10* s, from Sedlacek et al. (2008)

WY
LU T

PT T TMQO i

- 8

Equation6-1

NnT. was calculated to b&.93°C, a temperature adjustment that was then used to adjust the vaigenof

Equation3-27., which was then used to recalibrate the design crackaize(@.5 mm) andhe required

T,z Figure6-15illustrates that the curves are near identical.
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Figure 6-15 Ty, for different strain rate adjustments

6.3.3 L/D Ratio

It was previously noted that d/D ratio of 0.5 is very lowin particular highway bridges with longer spans.
A sensitivity study was thus performed with differ&AD ratios to determine the effect of this parameter
on the analysis result®esign examples tend to halkéD closer to 10 (Canadian Institute of Steel
Construction, 2002)Jsing the previously described procedure, this value, plus an even larger \de of
= 4.0 were used to assess the influence of this parameter on the callbrated steel strength curve.
Figure6-16illustrates the effects of all thré¢D ratios for Climate 1t = 38 mm.

Looking at this figure, it is observed that all three curves are nearly identical.
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Figure 6-16 T27;for L/D of 0.5, 1.0, and 4.0
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6.3.4 Design Crack Size

It must be acknowledged that the calibrated design crack size for aatamgetreliability index ofb = 3.25

is very small and undetectable through visual inspectim this basis, it was decided to perform an
additional calibration with a larger design cra€kr this study, the crack size was assumed to be ¥ of the
thickness of a 38 mm plate, ar= 9.5 mm.With this design crack size,reew target reliabilitycould be
backcalculatedor the 350 MPa grade caseTat; = 0 °C. Doing this resulted i target reliability index

of b=-0.064 The newtargeth and larger crack size were thewed to recalibrate th€VN test
requirements fothe other steel strengthi&Eigure6-17 shows theesult As expected, the curvés the two
design crack sizesross near the calibration point (350 Mg, = 0 °C). The result shows that the main

observations from the previous analysis are relatively insensitive to the design crack size.
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Figure 6-17 To7;for crack sizes of 0.53 and 9.5 mm

6.3.5 Fracture Critical / Non-Redundant Tension Members

A targetannualreliability index ofb = 3.25 based on CSA S® was appropriatéor a primary tension

member, whereas a higher target reliability index cbaldhore appropriate for a fractwrgtical( or -finon

r ed unda n tmemberRigure 618 dlystrates the curves for different reliability indexes, up to 4.0,

for the same design crack sizeagf= 0.53mm for a 38 mm thick plate. On the same graph, the increased
CVN testrequirements currently specified in CSA-$8 for fracturecritical members are superimposed.
Looking at this figure, it can be seen that the increased toughness requirements in the standard correspond
with a relatively small increase in the targanhualreliability index. Further study is needed to fully assess

the implications of this result considering a broader range of factors. Thus, further conclusions cannot be
drawn. Havever, the result shows how this type of analysis may be a useful toobderwritersto

determine th&€VN testrequirements for different levels of reliability desired.
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Figure 6-18 To7;for b= 3.25, 3.5, 3.75, and 4i@ Climate 1
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7 Sensitivity Studies andDesign ToolDevelopment

In this chapter results obtained using tirdependent andndependent versions of the reliability analysis

are compared, sensitivity studies are performed. Following this, work performed to develop a new tool for
design against brittle fracture is presented, which altayghness requirements to be defined in terms of

steel grade, plate thickness, demamdapacity ratio, traffic volume, and fracturadticality.

7.1  Comparison of Time-Dependent and-Independent Analysis Results

In Chapter6, a timedependent model was used to assess reliability against brittle fracture, where traffic
and temperature were simulated hourly, taking into account the fluctuationsrgturoughouthe year

While more realistic, th simulations required for this analysis were titcoasuming and resource intensive
One important question was to address whether the computational time/cost-dépiemelent analyses

was necessary, or whettastertime-independent analyseshere each parameter is sampled only once per
bridgeyearcouldyield sufficiently accurate results for practical purposes.

To answer this question, a comparison was made between analysis results obtained using the time
dependent andndependent models. To perform this comparison, a necessary first step was calibrating the
design crack size to the tiniedependent model in ansilar manner to what was done previously for the
time-dependent model. As a reminder, the procedure for the calibration is defiedtian3.5.4and
essentially consists of establishing the crack size that achieves a dasinedleliability index for a typical

case seen in practice where there is a historical record of good brittle fracture performance.

Following the same procedure as used previously for the time dependent code, a calibrated design crack
depth ofag = 0.13 mm was obtained for the tirmelependent code, which is smaller than the calibrated
crack depth oy = 0.53 mm obtained previously for the tidependent code. This was expected and can

be explained by the conservative assumption made in thértdapendent analysis that the maximum load

and minimum temperature during the analysis period (one yean) aicitie same time.

Following the calibration step, a comparison was made of required toughness vs. yield strength curves
generated using the two models. An example result is shokigune7-1. The results in this figure are for

a primary tension member in Climate Zone 1 (Waterloo). In this figure, the curves generated using the two
models are near identical. This suggests that employing theértdtependent model with a smaller design
crack @s = 0.13 mm) is a reasonable approach for running the quantities of analyses required to perform
sensitivity studies and develop practical tools for design. On this basis, the calibraténdépendent

code has been used to generate the remainder @sihiésrpresented in this chapter.
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Figure 7-1 Comparison of time-dependent and-independent models

7.2  Sensitivity Studies
Using the timendependent model, studies were performed to assess the sensitivity of the results to
variations in the following parameters: climate, bridge span and influence line, traffic volume, and

consideration of multiple vehicle presence. In the following sections, the results are presented.

7.2.1 Climate Study

CSA S6 presents CVN requirements for design against brittle fracture in tables separated into two climate
zones: a moderate zone with a minimum mean daily temperature86fC, and a severe zone f80°C

to -52°C. Notably, each zone encompasses a large temperature Gitigeand townsdispersed across
Canadamayhave very different climate histories despite falling within the same temperaturdrztme.

previous work, only one town in each climate zone was chosen to demonstrate implementation of the
analysis methods. In this section, results are compared for several locations located in each climate zone to
assess the sensitivity of the analysis to locafibis was an important area of investigationessyerature,

Teq, directly affectehe Knat parameter representing material toughness (rEcgihtion3-27).

For thissensitivitystudy, three locations distributed across Canada were selected withalieatbzone,

to represent both coastal and inland regiehere temperature cycles may vary appreciably over the course
of a year Waterloo, Halifax, and Kamloops wetlee locationsselected for Climate Zone SBimilarly,
Whitehorse, Fort McMurray, and Winnipegere the locations selectédr Climate Zone 2, based on
FigureA3.1.2 in CSA SqCanadian Standards Association, 2019)

Figure 7-2 presents the required fracture toughness vs. yield strength curves obtained for each of these

locations. In short, this figure shows that the location within each climate zone has minimal impact on the
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CVN testrequirements, with the toughness requirement for a given steel yield strength not varying by more
than 34 °C. On this basis, the locations used previously to represent each climate zone were retained in
subsequent analyses. In other words, Climate 1 is represented using climate data for the City of Waterloo,
and Climate 2 is similarly represented by the CityMfitehorse.
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Figure 7-2 Effects of Location within each Climate Zone

7.2.2 Bridge Span and Influence Line Study

In the next sensitivity styd the influence of bridge span and influence line were investigatethese
parametersan significantly influencehe stress histogragmhich is used to obtaliiiqin theKappaequation.

As a reminder, in the previous work, the gross vehicle weight (GVW) histogram was assumed to be
representative of the live load stress histogram, which would essentially be true if one were assessing
bending stresses in a very long span, sirsplyported bdge girder. In order to assess gensitivity of

the results to this assumption this studygirderspans of 10 m, 40 m, and 100 m were selectezpt@sent

short medium, andong span bridges, and influence lines for two locations were considesedely the

supportreaction (ps_r) and the midspan moment (ps_m) for a sisygportedyirder.

Results of the bridge span and influence line sensitivity study are presefigdrm7-3. In this figure it

can be seen that the girder span and influence line have negligible effectsGMNHestrequirements.

One point worth noting is that the same strain rate was assumed for all of these analyses. This is believed
to be reasonable, for reasons discussed earlier. However, it is conceivable that for a very short influence
line, such as the one thanight be relevant for an expansion joint, it is likely that the strain rate is much
more closely influenced by the impact of each axle hitting the joint, in which case a higher strain rate might
be appropriate to represent this situation. That saidethats of this analysis show that the features of the
stress histogram that vary with bridge span and influence line, on their own, are not sufficiently different

to cause a meaningful shift in the required toughness vs. yield strength curve.
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Figure 7-3 Effect of Bridge Span and Influence Line

7.2.3 Traffic Volume Study

CSA S6(Canadian Standards Association, 20d€fines four different highwaglasses based on Average
Daily Truck Traffic (ADTT) counts of 4000, 1000, 250, afd. In this study, ach of these highway classes
was assessed. The influence of the traffic volunaaifests itself in the definition of the live load stress
distribution (.., the Z13 parametein Table3-5), which isdefined for each case based on extreme value

statistics Figure7-4 show analysis results for four differanaffic volumes.

Figure 7-4 Required T,7; for various highway classes in Climate and Climate 2

As expected, as the traffic volume increasiks,result is a slightlynore rigorousCVN testrequirement
(i.e., decrease ifi27g). This can be explained by tlecreased probability of an extremely heavy truck
crossing the bridge during an extretoe temperature event as the traffic volume increa®esrall, the
shifts inthe curves are smadllless than % °C over the full range of yield strengthgnd thenfluenceof

traffic volumewas found to be less significant thexpected

That said, the possibility of having different toughness requirements for bridges supporting low and high
volume roads could be worth considering to reduce the material cost for fabrication of bridges, e.g., in
remote or rural regions. To show how thisiddoe done, the traffic volume parameter has been retained as

a variable in the development of a practical design tool presented later in this chapter.
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