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Abstract

Similar to any other structure exposed to the elements, bridges deteriorate and degrade over time. This
deterioration can result in costly maintenance rapair if it is addressed properly or damage and even
loss of life if it is neglectedDue to an increasing number of bridges and limited funds, more economical
and efficient bridge management systems (BMSs) were created for planning maintenance and
rehalilitation projects However, the element classifications used in these are broad, and the transition
probabilities are based only on inspection history and experience. In particular, the most important form
of loading, cyclic loading from trucks, and itfexts on fatiguesusceptible features of a bridge such as
welds is not consideredafiguedamages difficult to measure in the field, as it can take decades to
develop,and evernn a laboratory setting is time consumi@pmputer models have been deyeld and
calibrated from laboratory data, bmbdellingfatigue is very complicated asnitay require consideration

of nontlinear material behaviour and crack closure effactgder to ensure accurate predictions, and
performing Monte Carlo Simulation (M§) to obtain statistics of crack growth requires thousands or
millions of trials This largecomputational cost makesmputer simulationsnpractical for the analysis

of large stocks of bridge infrastructuidultiplicative Dimension Reduction Methd1-DRM) is a too]

which canbe used to calculate the statistical parameters of the response of a fuitttiamassive

reduction in the number of computations requitdavever, it is not known if techniques such as M

DRM will reduce the computational cdsta sufficient extent to permit the analysis of many structures.
One possible solution would be to use simple BIM& models to simulate fatigue deterioration and the
various management actioffis would involve the calibration of a Markov chain, whides a set of
probabilities and current information to predict the condition of an element in the fdawever, itis

not known if this simplistic approach will be sufficiently accurate in capturing the effects of the various

management actions, in emto determine the optimal maintenance strategy.

The research objectives in this thesis are therefore 1) to evaluate the effectiveness-BaSéin
Fracture Mechanics (SBFM) aMultiplicative Dimensional Reduction Method (MRM) for predicting
the statistics of fatigue crack growth, 2)cmmpare theomputational effort of MDRM and Monte Carlo
Simulation on SBFM in this context, and 3) to calibrate simpler BikkSMarkov chain models and
apply them to single welds to assess theiusacy and suitability for modelling fatigue deterioration and

making high level fatigue management decisions.

To perform the first objective, SBFM and-BDRM were used to draw fatigue crack growth curves,

known as Stress range vs. Number of cycles tarfailor SN plots, and compare them against existing S
iii



N curves. Different loading histories were analyzed, both constant amplitude and variable amplitude. The
second objective was performed by analyzing the accuracy and difficulty of plotting\tleeises from

the two methods. To perform the third objective, two sizes of Markov chains were calibrated using three
different methods: calibration usingNdesign curves, calibration using SBFM failure data, and

calibration using SBFM crack growth data. Torgmare these methods, in addition to the curve fits from

the calibration methods, a life cycle cost analysis (LCCA) was performed, which assigned costs to
different maintenance actions, such as inspection, treatment, repair and replacement, and combined the
to form different maintenance strategies. These were then compared to the original graphs-for a non
biased comparison method. As these were only calibrated to a Detail Category C, a local stress approach
was developed to transform the Markov chains beiotletail categories. As fatigue can be affected by

other mechanisms, the correlation between elements was investigated, specifically between fatigue and
corrosion. An example bridge was then designed, and the deterioration models developed in this thesis
applied, with the effect of different maintenance strategies studied.

Several conclusions were drawn from the work performed in this thesis. From the SBFMERMM
analyses, loading history does affect the position of tNec8rve with variable amplitde loading curves
falling below the constant amplitude curi-DRM can accurately predict the statistics of fatigue crack
growthfor both for aswvelded and treated specimens. ThéMM analysis was performed using a

fraction of the time required to perfo the MCS analysis; approximately 2 full days were required to
calculate one 8l curve using MCS, compared to less than one hour f&fRWI. M-DRM was also able

to perform sensitivity analysis on the variabl@$the three calibration methods for Markdwains,

calibration using the probabilistic SBFM crack growth data performed the best when comparing plots of
individual condition state probabilities and based on subsequent LCCA. Of the two Markov models used
in this thesis, using five and ten conditidates, both predicted the same optimal strategy with similar
absolute values. The correlation between corrosion and fatigue was also studied and modelled using the
Markov chain approach, and it was found that high levels of corrosion can have a sigimjiEgtton

life-cycle cost, and can even change the optimal fatigue management strategy. Usingtiadefbllidge
designed in this thesis, by comparing the various management strategies, a cost savings of as much as
$2,050,000 over the 100 year life spmas obtained by choosing the optimal management strategy. The
flexibility and ease of use of the Markov chain models was exploited to easily analyze and modify a
number of alternative management strategies, thus demonstrating the usefulness of twh &mpro
modelling the fatigue deterioration and retrofitting of bridddss work is mainly aimed at bridge

infrastructure owners, but the methodology could be applied to any cyclically loaded welded structure.
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1.0 Introduction

1.1 Background and motivations

Similar to any other structure exposed to the elements, bridges deteriorate and degrade over time. This
deterioratiorcan result in costly maintenance and repair if it is addressed properly or damage and even

|l oss of I|ife if it is neglected. The recent 2013
found that one in nine bridges in America are structurallicaeft, and require $20.5 billion annually to

properly maintain, $8 billion more than what is currently being spent. A 2005 report indicated that the

cost of upgrading and renewing the existing urban roads and bridges in Canada was around $66 billion
[Staistics Canada, 2009]. Failure to properly maintain bridges can lead to catastrophic collapses, such as
the recent Laval, Quebec and Minnesota bridge collapses in 2006 and 2007 [Johnson, Couture, & Nicolet,
2007][Holt & Hartmann, 2008].

During the 1960s ant970s, this maintenance challenge was addressed as the need arose. Due to an
increasing number of bridges and limited funds, more economical and efficient bridge management
systems (BMSs), such as Pontis [Thompson et al., 1998], were created for phaaintemance and

rehabilitation projects. In order to model deterioration and management actions such as maintenance or
repair of large numbers of bridges, the deterioration modelling in Pontis is necessarily simplistic in nature
to make computation timesamageable. Pontis divided a bridge into 120 elements and assigned condition
states (CSs) to these elements from one to five,
Airepl acement requiredo. Based o nctidnhigayrpeobabiltiesl det e
of moving from one CS to another during one year were developed. With this information, future CSs

could be predicted using a Markov chain approach, where the transition probabilities are applied to the
probabilities of beingri each CS in the preceding year to obtain new probabilities of residing in a given

CS. However, the element classifications used in Pontis are broad, and the transition probabilities are
based only on inspection history and experience. In particular,dkeimportant form of loading, cyclic

loading from trucks, and its effects on fatiggiesceptible features of a bridge such as welds is not

considered.

Fatigue, or damage dueltmg-term cyclical loadingis ane of the ways in which bridgesn deteriorat
over time While the number of catastrophic bridge failures caused by fatigue is not enormous, significant

fatigue damage and member or connections failures frequently occur in bridges [Kuehn et al, 2008]. Prior



to such failures,dtiguedamagas difficult to measure in the field, as it can take decades to develop, and
cracks are typically very smdtr most of the fatigue lifeFatigue testingn a laboratory setting is time
consuming, as samples can undergo millions of cycles to failure, which eawdaks or months for a
single sampledepending on the load level and testing spE€etnputer models have been developed and
calibrated from laboratory data, bmbdellingfatigue is very complicated asnitay require consideration

of nonlinear materiabehaviour and crack closure effertorder to ensure accurate predictions

A range of management actions exist for dealing with detected or anticipated fatigue problems, including:
reinforcement to reduce stress ranges, detail modification to redesg stncentrations, member
replacement, load restrictions, gouging andvedding detected fatigue cracks, increased inspection, and a
range of postveld treatments for increasing fatigue performance.-Rekd treatments employ various

means to improve thfatigue performance of the welida particularly fatigugorone part of any structure

T using various means, such as grinding or dressing to remove defects and improve the weld profile, or
impact treatment (e.g. by peening or high frequency mechanipatiniHFMI) treatmerit see Figure

1.1) to introduce compressive residual stresses, which reduce crack growth rates.

Figure 1.1: Improving the fatigue performance of a weld by HFMI treatment

Various analytial means exist for predicting the effects of management actions on fatigue performance.
These range from relatively simple, design cbkie deterministic checks involving the calculation of a
design stress range, which is compared with a fatigue resstanthe detail category of interest (i.e. the

ACl assification Methodod) to more advanced technigq
2



methods. One of the more advanced models in the second category is Strain Based Fracture Mechanics
(SBFM), which considers both ndimear material behaviour and crack closure effects. SB&hbe

used to make deterministic predictions, or in a probabilistic framewovkhich all of the input
parametersave statistical distributions withmean standardieviation and distribution typeMonte

Carlo SimulatiofMCS) can then beisedto determinghe statistics of fatigue growtiHowever, his

requires thousands if not millions of simulations, whietuiredsignificant computational effortWhile a

high degree of accuracy in predicting the effects of various fatigue management actions can be achieved
with a calibrated SBFM model, applying probabilistic SBFM using MCS to large numbers of welds on
large numbers of bridges to make high level management decisiampractical.

Multiplicative Dimension Reduction Methd®1-DRM) is a too] which canbe used to calculate the

statistical parameters of the response of a funciibe largest advantage of-BIRM over MCSis a

massive reduction in the number of computations required, for a three variable problem there are only 16
calculations required, compared to the thousandsillions for MCS M-DRM also allows for sensitivity
analysis of the input variablel-DRM canbe used with advanced analytical models, including SBFM

models, to help deal with the large computational effort required by MCS.

In summary, fatigue deterioration is a significant problem in bridges, which is currently not being
considered in bridge management systems (BMSs). Advanced models exist for predicting the effects of
fatigue management actioridowever, the computationabst associated with these models makes them
impractical for the analysis of large stocks of bridge infrastructure. Techniques (sueDR§IMexist

for reducing the computational cost of these advanced models. However, it is not known if these
techniques Vil reduce the computational cost to a sufficient extent to permit the analysis of many
structures. One possible solution would be to use simple-Bdd$nodels to simulate fatigue

deterioration and the various management actions (i.e. using a Markowappedach). However, is

not known if this simplistic approach will be sufficiently accurate in capturing the effects of the various

management actions, in order to determine the optimal maintenance strategy.
1.2 Researchobjectives

Based on the backgrounddaproblem statement presented in the preceding section, the research

described in the current thesis was undertaken with the following objectives:



1) To evaluate the effectiveness of Str8iased Fracture Mechanics (SBFM), used in conjunction
with the Multigicative Dimensional Reduction Method (PIRM), for predicting the statistics of
fatigue crack growth in asceived and retrofitted (impact treated) welds;

2) To compare theomputational effort of MDRM vs. MCS in this context and assess the
suitability of BFM/M-DRM analysis for making fatigue management decisions; and

3) To calibrate simpler BM3ike Markov chain models and apply them to single welds and full
scale structures with many welds to assess their accuracy and suitability for modelling fatigue
deteroration and making high level fatigue management decisions.

In conducting the analytical research related to the first objective, special attention was paid to
modifications to the deterministic SBFM code required so th&RM could be performed both the
finite and the infinite life domain. In conducting the research related to the third objective, practical
methods for considering a number of issues were explored, including: the modelling of multiple
deterioration mechanisms (e.g. corrosion and fa)igm single elements (e.g. a welded steel bridge

girder) and the modelling of correlated behaviours between elements.
1.3 Scope

The research presented in this thesis is entirely analytical in nature. The results of previous laboratory
experiments are usedvalidate the presented analysis. The B8 models developed through this
research have all been created using Microsoft Excel. The SBFM analysis (using Ma3RM)has

been performed using a previouslgveloped, deterministic FORTRAN code. The fatigoanagement
actions modelled in this analytical research are limited to: inspection, gouging and rewelding,
reinforcement, and impact treatment (by needle peening). However, the presented methodologies are

thought to be relevant to a much wider range ahagement actions.
1.4 Structure of thesis

This thesis is organized in six chapters. Chapter 2 presents a literature review covering the following
topics: fatigue of welds, deterministic and probabilistic fracture mechani&RM, and BMSs. In
Chapter 3, pradbilistic SBFM analyses of asceived and impact treated welds are performed using
MCS and MDRM. Maodifications to the SBFM code to enable analysis BPRM in both the finite and
infinite life domains are discussed, and the benefits of usHiZRM are citically assessed. In Chapter 4,

Markov chainbased models, similar to those used in in existing BMSs such as Pontis, are calibrated
4



using the probabilistic SBFM output from Chapter 3, and then used to model fatigue deterioration and
management of individal welds. In Chapter 5, the models developed in the previous chapters are applied
to an example fulscale bridge. Finally, in Chapter 6, the main findings and conclusions of this research

are presented along with recommendations for future research.



2.0 Literature review

In the following sections, a literature review is presented of the key topics covered in the current thesis.
These include: fatigue analysis and design, stvaged fracture mechanics (SBFM), probabilistic fracture

mechanics, bridge managent systems (BMSs), and fatigue assessment and retrofitting methods.
2.1 Fatigue analysis and design overview

In a perfect world, all metal would be smooth and free of defects. However, this is not the case in real
structures, as manufacturing techniguesstrotion processes and even small variations in the structure

of the metal can cause discontinuities and small defects. These defects by themselves are not a problem.
However, repeated stress changes in the surrounding material can cause cracke tandigedw over

time, which, if left unchecked, can eventually cause ductile or brittle fracture of the element.

There are a couple criteria, which govern the severity of a crack. RAdushows different crack

locations in metal specimens, with onertgeihe least severe and five being the most.

1 2 3 4 5
famn o T 3 e S i SO S

6N W o [ 4

Figure 2.1: Crack severity [Kulak and Smith, 1993]

Case 1 shows a small crack in the center of an element under tension loading. Increasing the crack length,
asshown in Case 2, results in a decrease in strength (or increase in crack severity). Moving the crack to
an unrestrained edge, as shown in Case 3, allows for greater crack opening and closing, which further

decreases the strength. This problem can be firedjiy uneven loading, with bending stresses able to



open the crack even more, as shown in Case 4. Finally, any sort of stress concentration, here shown by a

change in geometry in Case 5, can decrease the strength significantly.

Figure2.2 shows a moreeafailed look at the crack tip. Due to the discontinuity introduced by the crack,

the stress field must flow around it, which results in a significant stress concentration at the tip. The peak
stress is theoretically infinite, and so the material cannavseblastically. Instead, a plastic zone forms

at the crack tip. This repeated process of an increase in the magnitude of the stress field surrounding the
crack causing it to open, relieving the crack surfaces of stress, then creatintycph@stic staining, is

the basic method by which cracks can grow in and ultimately weaken structures.

Centerline
of qrack

.__.i_\_-...

A {

Section A - A L crack surface

Figure 2.2: Crack details [Kulak and Smith, 1993]

By neglecting the plastic zone, a simplified model can be considered. The stress at the crack tip can be
calculated in terms of coordinateandd, for the stress in the-direction (= 90), the stress is:

syyzsﬁ 2.1)

The numerator is often referred to as the stress intensity factor KShich can be used to describe
any combination of stress and crack length. The fécterdependent on geometric and loading

conditions, and so the equation can be modified tadiecother terms:

K =WYs/ m (2.2)
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whereY is a geometric correction factor, which accounts for such things as plate edges and curved crack
fronts, andWV accounts for notiniform stresses along the crack length due to the applied load, residual
stresses, thermal effects, etc. These equations assumeelatar material behaviour, and require the

plastic zone to be small (< 2% of the plate thicknespjdduce satisfactory results.

When a crack is sufficiently large, the remaining cross section may fail either by ductile or brittle fracture.
Ductile fracture occurs if the stress in the remaining material exceeds the strength of the material. It is
normadly preceded by significant evidence of plastic deformation. Brittle fracture can occur prior to

ductile fracture if the stress intensity factor (SkF¢xceeds the fracture toughness of the material. As the
name implies, it occurs with little warning origence of prior plastic deformation. Fracture toughness

can be measured using the Charpy impact test, in which a small bar is struck and fractured by a swinging
hammer, and the energy lost by the hammer due to the fracturing of the material is meascheohge

in swing height. This energy is then related to the toughness of the steel [ASTMEZ309].

This toughness can be used to determine a critical crack leggtifter which the remaining cross
section will fracture in a brittle manner. Fsieel, the fracture toughness depends on a number of factors,
such as the ambient temperature. The engineer should ensure that the properties of the section combined

with the inspection frequency permit detection of cracks well before they agach

It is uncommon for newlconstructed elements to have cross section geomigiaiethey are already
prone to brittle fracture. Thus, where fracture tends to be a greater concern is when a small initial crack
grows, or propagates, through the repeated apiplicaf stress cycles, into critical cracks, which are

sufficiently |l arge to cause failure by fracture.

Fatigue is becoming more and more relevant in design and maintenance. Improvements in metallurgy
have resulted in stnger steel grades, which allow for higher stresses under service loading. While these
steels allow bridges to carry higher static loads, they generally do not result in a significant performance
improvement under cyclic (or fatigue) loaditig.addition,modern steel structures generalge welding

asthe primary method of attachmenWelding tends to result in significant reductions in fatigue
performance, due to the introduction of defects and tensile residual stresses as a result of the welding
processWelds also tend to occur at locations where stress concentrations are presenimber of

aging structures, which are past their design fatigue life, is also increasing. The combination of these

factors creates the need for suitable methods to detdassess fatigue cracks.



Linear elastic fracture mechanics (LEFM) can be used to determine the relationship between the crack

length,a, and number of cyclebl, as shown in Figurg.3, for the purpose of fatigue life prediction.

LY §

Figure 2.3: Crack length (a) plotted against the number of cycles (N) [Kulak and Smith, 1993]

Equation (22) can be maodified to consider cyclic loading as shown follows:

DK WY £/ /m (2.3)

w h e rlies eqyal to the difference between the maximum and minimum stress in the stress cycle (i.e.
Omaxi Cmin). We can relategX to da/dN, as shown in Figur2.4, using the PariErdoganaw:

A log S
(b) Aﬁ
B
log AK
t >
.ﬁ.lﬁm

Figure2.4:  log da&iN

At very low growth rates, the curve becomes verticatiat, or the threshold stress intensity factor.
Below this rate the loading is not sufficient to grow the crack, and so the fatigue life is infinite. Above
K the curve straightens to artant slopen, and becomes vertical again near the fracture toughness.
The ParisErdogan law [Kozin & Bogdanoff, 1989] can be usedjpproximate the slope in the middle
region:



% =C B" (2.4)
dN
whereC andm are constants based on thaterial behaviour. By integrating Equatid) from an

initial defect size to a final critical crack length, an estimate of fatigue life can be obtained.

For constant amplitude (CA) loading, in which the maximum and minimum stress levels are the same for
each cycle, this stress rangg, is easy to define. However, real loading is normally not that simple, for
example when a truck drives over a bridge, each axle will cause a peak, and each peak will have a
different magnitude based on the axle weightsspacing. There are methods available for converting
variable amplitude (VA) loading histories, such as the one shown in Rdiareto equivalent CA

histories. Two of them, shown conceptually in FigRfsh and2.5¢, are rainbw and reservoir analysis.
Rainflow analysis is the most popular method, due to the relative easehigthit can be codified

[Anthes, 1997, Downing & Saocie, 1982], and the close relationship between the cycles counted using the
rainflow method and theycles that would be associated with the closing of hysteresis loops in a

nonlinear stresstrain analysis.

A AV
\ - stresses due to one loading event . |
e -
>
a) Variable amplitude example b) Rainflow analysis ¢) Reservoir analysis

Figure 2.5: Variableamplitude (VA) loading analysis

Critical locations from the point of view of fatigue in structures such as bridges generally do not consist

of axially loaded plates, such as those shown in Figure 2.1. They are generally associated with sudden
changes in gametry at locations such as connections, and therefore have significant stress concentrations,
associated with them. A practical approach for considering the effect of these stress concentrations in
designistheso al | ed #ACI assi f i acarmbnoconneetort geamdtides areclagsified i n
according the severity of the fAstress concentrat:i

SCF is the ratio of the local stress divided by the global stress that would be present if the sudgen chan
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in geometry werenbét there. Once the fAdetail categ
designed for fatigue using the appropriate stliés$S-N) design curve. Figure 2.6 shows an example of

a set of &N curves used for the fatigakesign of steel structures in zala.
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Figure 2.6: SN Curves [CSA, 2009

The lines in Figure 2.6 represent the 97.7% survival probability, and each line, denoted A through E1,
represents a detail categofhe SN curves can beead in two ways, the first is from the x axfsa

designer haa bridge(for example)with 10,000loading cycles per yean a Detail Category Gndthey

want it to last 100 years, thégyok at the 10line, look at the intersecth with the Detail Category C line,

which shows the welds cannot have a stress range higher than about 102 MPa to ensure a 97.7% survival
probability. The second way to read the graph is from the y axikelflesignehasa Category E detail

which has a stress range of 10®a, theytrace that linéhorizontally until theyreachN &  3°lcytl€s
Theytherefore know thaheyhave 87.%%6 chance of th detailsurvivingthis long

The slopes of the design curves in Figure 2.6 at higher &reds,m, is 3. This slope is constant down

to the constant amplitude fatigue limit (CAFL). This is the limit below which a crack will not grow under
constant amplitude | oading, because t h&uShisress in
is represented by the dashed horizontal line on #Nec8rve. The solid line which continues past the

CAFL point has a slope @f &= 5, and is used to calculate the cumulative damage for VA loading when

some peaks in the stress history are above #td.@nd some below. These slopes and design curves are

typical for steel structures. Different curves are used for other materials, such as aluminum.
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In order to determine the detail category of a connection for the purpose of fatigue design, most codes
summarize the common connection geometries into tables, with text and sketches describing the
connection geometry, orientation of the connection with respect to the loading direction, and the type of
loading (e.g. axial or flexuralligure2.7 showsa sampd of a Detail Category C connectifrom CSA

S1614 [CSA, 2013. Other detail category definitions can be found in this and other design codes.

L’
Figure 2.7: Detail Category C [CSA2014

2.1.1 Strain-BasedFracture Mechanics (SBFM)

As mentioned earlier, by integrating Equati@al, it is possible to make fatigue life predictions. This is

the essence of linear elastic fracture mechanics (LEfggd fatigue analysis. While useful for many
practical applicabns, this approach ignores a number of factors that may be significant in some cases,
including the effects of nonlinear material behaviour, residual stresses, and crack closure effects. Strain
Based Fracture Mechanics (SBFM) is an alternative to LEFNGhadan be used to consider these

effects. SBFM models have been developed for the fatigue anailysi®oth metal components, largely
through research conducted in the last 30 years at the University of Waterloo [Lam, Topper, & Conle,
1998] [Topper & Lam1997] [MacDougall & Topper, 1997] [Khalil & Topper, 2J0Recent efforts to

apply these models to welded connections are summarized in [Glzatir& Walbridge 2011]. The
governing equation employed by these models is based on th&Rgan crack greth law, modified

to consider crack closure and the presence of a threshold stress intensity factor (SIF) range

12



e da
-Nn

N
a CMAX (DK™ - K,"0)

(2.5)

wherea; anda are the initial and critical crack depths abdndm arematerialconstantsThe effective

stress intensity factor rangmp, K, is calculated using the following equation:

DKy K

max

MAX( Kop’ Kmin) (26)

whereKmaxandKmin are the SIFs at maximum and minimum for a given applied load cycl&qgizdthe
SIF corresponding to the crack opening stress level for that dywemain difference between LEFM
and SBFM ign the calculation of the SIFK,. Previously Equation23) was used to calculate the SIFs.
However, in SBFM the following equationused for calculating:

K=Y @ed & 2.7)

whereUis the local strain at crack depth,andY is a correction factor to account for the crack shape, free
surface, and the finite thickness of the plafe.calculate the stresses andisgdor each load cycle, a
RambergOsgood material model is used with paramete@ndn .GStrain histories at various depths
below the surface of the weld toe and crack cloameeonsidered usingstablished models [Newman
1994, Dowling 2007], which @sthe maximum stress level, stress ratio, flow stresses, and the plastic
constraint factor. Figur2.8 illustrates the cyclical loading analysis process:

Note:
AS = cyclic nominal stress
g, = local elastic stress

- - ¢ = local strain

S -7 Ol = Telapp

Figure 2.8: Explanation of stresstrain analysisaccording to SBFM [Ghaharemani & Walbridge, 2011]
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The local elastic stres&q, is a function of the local elastic residual strésse.sdue to welding or impact
treatment, and the local elastic stress due to the appliedilpad, The local elasti stresses are

calculated using a factor that is similar in many respects to ankaCF,

K
= e (2.8)

whereKg is the elastic SIF accounting for raniform stress distribution. It is calculated as follows:

Ke = f¥e Mhaq dt (2.9

wherem(b,a,c)is a weight function as described in [Shen & Glinka, 19914,depth below the surface

andke is the SCF for an uncracked weld toe. The local elastic stress is therefore calculated as:

Sa =k, © (2.10)

Thelocal nonlinear stresstrain history is calculated using a nominal str&#igtory. Each time a
stressstrain hysteresis loop is closed, the local minimum, maximum, and crack opening strains are

calculatedgKer is then calculated, and the fatiguie lis determined using Equatio®.R).

For the analysis ofrelds retrofitted using residual streésgsed impact treatmenthe SBFM model offers
advantages ovdinear elastic fracture mechanidssFM) in terms of its ability to model the evolution of

the residual stresses undEk loadingconditions [Ghahremani & Walbridge 2011]
2.2 Probabilistic fracture mechanics

LEFM and SBFM analysis can be performed either in a deterministic framework (i.e. fived val

assigned to each input parameter) or a probabilistic one (i.e. with each input parameter assigned a mean,
standard deviation, and distribution type, in order to obtain a statistical distribution for the output, for
example, the number of cycles to €a#). In the follow sections, two approaches for performing the
probabilistic fracture mechanics analysis are discussed: the classical Monte Carlo Simulation (MCS)

approach and thilultiplicative Dimension Reduction Methdt1-DRM).
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2.2.1 Monte Carlo Simulation (MCS)

Monte Carlo Simulation (MCS) is a method used to determine the probability of failure of a function.
Further descriptions can be found in a number of references, for example [Ang & Tang, 1984][Melchers,
1999], but a brief overview will be provide@te. The process of MCS involves evaluating a function
numerous times with randomly selected values for the variahl@$ezprobability of failure can then be

calculated using the following equation:

_n(G(2¢0)

f N (2.11)

t
whereNi s t he tot al number of calculations perfor med
was violated. To generate responses to the function, a random nutnéievaen zero and one is selected

for each variable;zwhich can have any type of tlibution, here assumed to be normal. The random

number wis then transformed into the variableiging the following equation:

z = F'(y) (2.12)

where E() is the inverse of the CDF for the variable Zhe process by which randa®lection of

variables generate responses is shown in Figy9re

F(u,S,R)
1.0 T T
F(S)\f, FIRI
F(u) K
I
/
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f(u,S,R)

Figure2.9: MCS [Walbridge, 2005]

Here, two random numbers, are selected from a uniform distribution, f(u). These are then transformed
into the solicitation, S, and resistance, R, ugiggation(2.12) The response from this set of random

numbers results in the solicitation being greater than the responskyaridilure did not occur.
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After this process is repeated numerous times, the probability of failcae pe estimated according to
Equation (2.13)The more trials performed, the greater the accuracy of the estimation. An advantage to
this method is tht the probability of failure can be calculated without analysis of the function, it can be
treated as a black box, and so is simple to execute. However, many trials are required to achieve an
accurate probability of failure, which can be computationadheesive, especially when each trial itself

is complex. There are methods available to reduce the number of trials required, such as importance
sampling and the use of antithetic variates, which are discussed in detail in [Ang & Tang,
1984][Melchers, 1999however these still require many iterations.

2.2.2 Multiplicative Dimension Reduction Method (M-DRM)

TheMultiplicative Dimension Reduction Methdi1-DRM) is an alternative to MCS, which is expected
to offer considerable advantages in terms of calculatiéciesfty. This improved efficiency can be
critical T in particular when performing analysis of problems where the computational effort associated

with a single, deterministic calculatiamhigh, such as SBFM analysis.

There have been several methods ddriee dealing with statistical analysis of multivariate problems, in
order to avoid the high computation cost of classical MCS. Theofiggr reliability method (FORM)
[Hasofer & Lind 1974] is an alternative approximate method, but this approach laekslgg when

dealing with the response of many variables [Schueller & Pradlwarter 2007]. Similar problems occur for
variations of FORM, including the secondler reliability method (SORM), the firstrder thirdmoment
reliability method, and the resporsarface approach [Zhao & Ono 2001].

The method of moments can be used to find an approximate solution to a multivariate problem [Taguchi
1978]. By calculating the first four moments of the response, mean, variance, skewness and kurtosis, the
parameters of that distribution can be baalcubted. However, the calculation of moments involves
multi-dimensional integrals, which are very complex. Research in the past has looked at the efficient
evaluation of these integrals using point estimate methods [Taguchi 1978], [Rosenblueth 1981], Taylor
series approximation and natassical orthogonal polynomial approximations [Kennedy & Lennox
2001]. More recently, highdimensional model representation [Li et al. 2001] and the dimensional
reduction method [Rahman & Xu 2004], [Xu & Rahman 2004] have bsed, in which the multivariate
function is decomposed into orthogonal component functions. The principle of maximum entropy [Jaynes
1957] was introduced to deal with the issue of sensitivity of tail probabilities, but this required significant
computatioml effort in the moment calculations when dealing with a large number of constraints. The

16



recent emergence of fractional moments [Inverardi & Tagliani 2003], [Milev et al. 2012] has made these
calculations easier. A fractional moment is a moment of ther afdreal as opposed to whole numbers,

which can be combined together to determine information about the resultant distribution.

M-DRM [Zhang 2013] is a combination of fractional moments and the maximum entropy principle, and
is a more efficient methoaf performing statistical analysis than MCS. The main benefit this method has
over MCS is the massive reduction in number of trials needed. Given a problem with three variables, for
example, instead of the thousands of iterations required for MCS, onblcifations are required for-M
DRM. A second benefit is the additional analysis options available. With only mean and standard
deviation results available from MCS,-DRM allows for sensitivity analysis.

M-DRM uses Gaussian quadratures, which are commaad for multidimensional integration. The

type of Gaussian quadrature varies depending on the type of distribution, withH&aost used for

Normal and Lognormal distributions, and Gausguerre used for Exponential and Weibull distributions.
Thesequadratures are based on the approximation of integrations evaluated at known Gauss points. The
number of points corresponds to the number of orders desired, with five being the most common.

Table2.1: Weighs (wj) and points (zj) for 5th order Gaussian quadrature [Balomenos & Pandey 2013]

GaussianRule N 1 2 3 4 5

wj 0.24 048 057 0.48 0.24
Gausd_egendre

zj -091 -054 0.00 054 0.91

_ wj 0.01 022 053 022 0.01

GaussHermite _

zj -286 -1.36 0.00 1.36 2.86

wj 052 040 0.08 0.004 2.3E5
Gausd.aguerre

zj 026 141 360 7.09 12.64

Similar to how a normal random variab},can be related to the standard normal random varigple,

using the following expression:

X=m+sZ (2.13)

with € equaling the mean value ad@qualing the standard deviation, the Gadesmite points can be

obtained as follows:
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X, =m+s (2.14)
wherez is taken from Table 2.
To perform MDRM, all of the variables except one are helthaitr mean value while each
variable is varied one at a time according to the five Gaussian quadratures using Egua)ioRdran
example with three variables, denotedJal, a; a total of 16 calculations are required, five for each of the

three vaiables, and one final calculation with all variables held at their mean values. The first moment for
each variable is then calculated as follows:

5
r.=aw B a ob,) (2.15)
i=1

wherew; are the Gaussian weights according to TatleahdR (i, Us, B) is-the resultant value achieved
by varyingUby each Gaussian Point according to Equat®oiy, and holding) anda-at their mean

values.The second moment for each variable is then calculated similarly as follows:

5
G=aw B(a b, (2.16)
i=1

Equations (4)-(16) are explained in Figure 21

Fix)

Eq214 al=p+c*-19 al=p+g*-14 ad=p ad=p+c*l4 ad=p+e 2.9

¥ L ¥ k| v
Eq2.15  F(al)*w; + F(a2)*w; + F(a3)*w; + Flad)*w; + F(a3)"w,

Pa

v v v v v
Eq2.16 F(al)*w;+ F(a2pP*w; +F(a3)y*w; + F(ad)y*w; + F(a5)**w;

I
&

Figure 2.10: Graphical explanation of MDRM
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The mean of the result can then be calculated using the following expression:

m= élv'g”) or or (2.17)

where n is the number of variables, three in this casa,.ajid the result of holding all variables at their
mean. The second moment of the result is calculated by:

= & Qg £y (2.18)

These are then used to calculate the starskndtion of the result as follows:

s=4q- %, (2.19)

A sensitivity analysis can also be performed. The primary sensitg/iban be calculated for each
variable using:

qa -1
S - (fa)
a e [} (2.20)
€% % % u
gra)” {re) (4
The global sensitivitySg is calculated as
q.
1- a
S - (/’a )2
% s (2.21)

In summary, MDRM can offer significant reduction in computational time compared to MGCBRW!
also allows for additional properties, such as sensitivity, to be calculated.
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2.3 Bridge Management Systems (BMS)

Bridge management systems (BMSs) are computer programs used by bridge owners to make high level

decisions concerning maintenance planning for large stocks of bridge infrastructure. The software can be

used to perform various tasks, such as: storingutg&m reports, archiving historical maintenance data,

and simulating alternative management strategies to find the one that results in the lowgdelidest

of maintaining all of the bridges in a transportation network. The deterioration modeltfoged in

BMSs is generally highly simplistic in nature, due to the enormous number of calculations required to
simulate deterioration of many elements on the many bridges in a transportation network and the high

level of uncertainty in the sigpecificparameters associated with each bridge element. In the following

sections, analysis methods commonly employed to model deterioration in BMSs are reviewed.

2.3.1 Markov chains

The Markov Chain is a statistical method developed by Andrey Markov, which uses a set of probabilities

and current information to predict the condition of an element in the future [Grinstead & Snell, 2012]. To

predict the deterioration of an element usinglarkov chain, condition states (CSs) are first defined for

the el ement , for exampl e: CS1

Five CSs is the most common. However, it is possible to use a different number, in whitte daseCS

normally represents

Aifail ureo.

coul d

Wi t hi

represent

n

each

t

ipe

me

in a specific CS. The sum of the probabilities associated with all of the CSs within the time period is one.

Next, the probabilities of ovement between CSs between each time period is defined. For an element

with n CSs,n-1 of these probabilities of movement are required. Taldlshows sample transition

probabilities for a five CS Markov chain model:

Table2.2: Sample transition probabilities

Condition State:| Transition Probability g
Cs1 0.1
CS2 0.2
CS3 0.3
C34 0.4
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The probabiliteslisted in Table2.2 are the probabilitieef moving to the next CS. The probability of
stayhg in the same condition statelig). These probabilities of movement can be also summarized in a

matrix, also known as the Transition Probability Matrix, or TPM. The sample is shown inZTable

Table2.3: Sample Transition Probability Matrix (TPM)

CS1| CS2| CS3| CS4| CS5
CS1{09 |01 |O 0 0
CS2| 0 08 |02 |0 0
CS3| 0 0 07 |03 |0
CS4|0 0 0 06 |04
CS5|0 0 0 0 1

The probabilities below the diagonal all are zero, as it is assumed the condition cannot improve without
intervention, but will rather stay in its current state or deteriorate. The probabilities on the diagonal are for
staying in the same&S the ones tohie right the probability of moving to th@S. The other probabilities

in the topright corner of the TPM are often also set to zero, based on the assumption that the probability
of jumping two CSs in a single time step is negligible [McCalmont, 1990]. The probability associated

with CS5 is unity, athe element cannot deteriorate any further, and so gets trapped in that CS. This

process of deterioration is shown in Fig@ri1:

Cs1

CS2

Cs3

C54

CS5

Figure 2.11: Markovian deterioration
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For this example, it was assumed tina¥ear 1 there is a 100% probability of being in CS1. For Year 2,
there is therefore a 90% chance the probability stays in CS1, and 10% moves to CS2, with no possibility
of being in CS3. For Year 3, there is again a 90% chance the probability st&@&lirand a 10% chance

of moving down to CS2. The probability of the elements already in CS2 in Year 2 have an 80% chance of
staying, and so this is added to the probability moving from CS1, resulting in a 17% chance of being in
CS2in Year 3. The remainir&p% of the elements in CS2 in Year 2 deteriorate to CS3 in Year 3. A

similar procedure continues for the remaining years, and this can be continued for any desired analysis
period. Note that the sum of the probabilities of being in each CS in each gela atid up to 100%.

This is not exactly true in Years 4, 5, and 6 in this example due to rounding errors. The probability of

residing in each CS at any year can be calculated as:
4= U (2.22)

whereqn is the vector of probabilitiesf being in each CS in year qo is the initial probabilities of being

in each CST is the TPM, andh is the number of years.

So far in this section a Markov chain with five condition states has been used, however any number of
condition states can beed for a Markov chain. TabB4 shows the number of condition states used in

BMSs around the world, as shown the number varies tinoee to nineand beyond
Table2.4: Number of condition states in BMS&dy et al., 201D

Number of condition states
No. Country Name 3 . . 6 , g 9 100 I.\lm
given

1 Canada OBMS 1

2 Canada QBMS 1

3 Denmark DANBRO 1

4 Finland FBMS 1

5 Germany GBMS 1
6 Ireland Eirspan 1

7 Italy APTBMS 1

8 Japan RPIBMS

9 Korea KRBMS 1

10 Latvia Lat Brutus 1

11 Netherlands DISK 1

12 Poland SMOK 1

13 Poland SZ0K 1

14 Spain SGP 1

15 Sweden BaTMan 1

16 Switzerland KUBA 1

17 USA ABMS 1

18 USA Pontis 1

Total 1 5 4 4 0 0 1 1
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Markov chains allow for very easy manipulation of the probabilities of being in each CS to simulate

actions such as inspection, repair, and replacement. For example, replacement can be modelled by shifting
the probabilities of being in each CS backjdoStrengthening or treatment can also be considered by
changing the TPM to reflect the expected reduction that will result in the deterioration rates. Inspection

and repair can similarly be modelled using slightly more sophisticated assumptions.

Markov chans are therefore a very useful tool to be used for predicting the deterioration of structures
[EIhakeem & Hegazy, 2005] They assume that the el ements essent
deteriorate based on their CS in the previous year. They cafotiedne used to model a structure

starting halfway through its service life without knowing its full history. The ability to assign CSs to

elements means clear definitions for deterioration, which can be easily related to inspection results. The
Markov chain analysis can be easily modified to model actions such as inspection, repair, and

replacement.

2.3.2 Calibration of Markov chains

The predictive abilities of a Markov Chain depend primarily on the Transition Probability Matrix, or

TMP. The best approach foalibrating this TMP depends on what kind of data is available. According to
(Tran, 2007), there are two types of data, regular data and snapshot data. Regular data could be data from
inspection histories carried out at short intervals, where the movéetsveen CSs can be clearly

modelled. Snapshot data is data that does not paint a clear picture of the degradation process, usually
because of infrequent and Roniform inspections. For example, say a previous inspection report has an
element in CS2 (outf®), and 6 years later is now in CS4. It is unknown if the element went directly

from 2 to 4, or spent some time in 3. TPMs are difficult to determine from snapshot data, and so statistical
methods such as the Bayesian Approach are required to dedhsvithdertainty. Often expert opinions,

in addition to inspection data, are taken into consideration using this method (Tran, 2007).

(Karunarathna, et al., 2013) outlines three main methods for estimating the transition probabilities that go
into a TPM: Regession NoHinear Optimizing (RNO), Bayesian Approach (BA), and Markov Chain
Monte Carlo (MCMC) with Metropoligdasting Algorithm (MHA).

Regression NorLinear Optimizing (RNO):
RNO is the most commonly used method (Carnahan et al., 1987; Jiang 8&lvéshosky eal., 1994;

Morcous, 2006; Morcous et al., 2010 and Bu et al., 2012). Regression analysis is used to fit a curve to the
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inspection history data, often & 8rder polynomial. Next, Performance Indice$)(arecalculated, where

Pl1=67 CR whereCRis Condition Rating. SBI 5 corresponds to brand new compone@iR£ 1), and

Pl 1 is a component requiring replacement. The Expected Performance Index (EPI) can then be calculated
by EPly = Cy A , whiereC is the matrix of probabilities ofding in each CS at tinteandSis theP!, or

[5 4 3 2 1]. ThéEPI is a single value that represents the condition of the bridge, the higher the value, the
better state the bridge is in. The same calculation is done to &i{girbut uses the resultsoin the

regression fitting curve of the inspection data. The objective function is then:

N o
m|n|m|ze€a Pl - EPI(t)‘ (2.23)
t=1

Bayesian Approach (BA)

BA analysis methods have become more popular in recent years with the development of computer based
advanced sampling techniques, and have been used recently to caiviatéMicevski et al., 2002;

Tran, 2007; Ranijith et al., 2013). The objective funct

T 5
maximizg AN’ lodg, (2.24)
t-11 %
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maximize Iog?éa;
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WhereL ( Y is ttie)likelihood to observe a condition rating dataysdfis the largest agé\' is the
number of elements in €&t yeatt, C; is the probability in CEat yeart.

There have been sevestilidies comparing various TPM calibration methods, such as tHzaBad
Markov Chain Monte Carlo (MCMC), MCMC with the Metropehitasting Algorithm (MHA), Ordered
Probit Models, the B&ased nonlinear optimization method, and the percentage predictiomdniéthn,
2007; Ranjith et al., 2013). These have concluded thab&s%d approaches are the most suitable for
predicting future element CS distributions, in particulartgsed MCMC with the MHA.

MCMC with the MHA

When applying the MHA, a proposal dengigeds to be selected. For this example, a distribution with
densi ty, T, 1%, Y (promosalvalue)Asogenergted rama preferred density and is
accepted with a probability (n,Xn+1) given by:
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a(xy)= m|n 1’0( ) (2.25)

P

If the proposal value is accepted, then&et = Yn+1, otherwise keep(n+1 as %. A VarienceCovarience

matrix needs to be assumed, and although the exact values are not required, assuming values too small
will result in a long convergence time and high acceptance rate, whereas values too large will result in the
TMP values getting stk in nonroptimal places. The matrix can be arbitrarily chosen and tuned until the
acceptance rate becomes near to the optimal value of 0.234. After analysis is completed, point estimators
and confidence intervals can be calculated.

Comparison
The following is a list of disadvantages to RNO, which (Tran, 2007) argues can be solved with Bayesian
Approaches, specifically MCMC and MHA.

1) Reliability is solely dependent on accuracy of formula type used for curve fitting analysis;

2) Linear regression may not b@propriate since there are dependent variables in the system and
infrastructure condition ratings are discrete;

3) RNO may stop at local minimum points resulting in incorrect transition probability values;

4) RNO cannot provide confidence limits of the tramsitprobabilities; and

5) The resulting TPMs are difficult to update when new data are available.

Optimization Function used for RNO

As the amount of data already draws a smooth curve, no regression analysis is required. The next step is
nortlinear optimizatio, which requires an objective function to optimize. (Tran, 2007) uses Performance
Indices (PIs), a measure of current performance, in the analysis of the degradation of sewer pipes.
Alternatively, (Wirahadikusumah et al., 2001) used an Overall Struckueale (OSG), which is a general
rating from 1 to 5, and simply minimized the difference between the actual and predicted OSG using the

following expression:

minimizeg_ Y (9)- E[W(t P)] (2.26)

t=1
whereY (t)is the sewer condition at stagexpressed in OSGnits, ancE[y(t,P)] is the expected value of

sewer condition at stages predicted by the Markov chain model using transition probability mBtrix,

(Bu et al, 2012 uses a similar process, with the objective function given as:
25



N
minimize § |A¢)- E(t) (2.27)
t=1

where the probability of resting in each C&t), is multiplied by the vectdr = [100,70,50,20]. A(t)hen
usesQ(t) estimated from regression, aB¢t) estimated from the Markov chain. This paper goes one step
further to verify the result ith the Chisquare goodness of fit test:

X (E - A)?
i B
Which is then compared to a significance | evel
(Ranijith, 2013) uses the following objective function:
N
av.(n- Et, P (2.29)
n=1

whereYn(t)andE(t,,P) are condition ratings for the different elements. These are then confirmed using
the Chisquare goodnes¥-fit test.

The common Mrkov chain calibration procedure in this literature review of BMSs is to calculate a single
number, which represents the@nt state of the bridge, often multiplying the probabilities of lying in

each CS with a weighted vector, with higher weights for better performances. The objective function is
then simply to minimize the difference between the Markov model and the prbdaiue.

2.3.3 Bridge management software and common practice

In 2006 it was reported that over 40% of the bridges in Canada are over 50 years old [Bisby & Briglio,

2004]. The trend of increasing bridge age is only increasing in Canada:
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Figure 2.12: Average age of bridges [Hammad et al., 2007]

As shown in Figure 22, the average age is increasing in all three jurisdictions. These older bridges
require significant inspection, maintenance, repair, and replaceémnensure a functioning transportation

network, which requires significant funding, which may not be available.

During the 1960s and 1970s, bridge maintenance was performed reactively as the need arose. However, a
series of bridge failures during the D8Grompted investigation into bridge deterioration, and data was

collected from the 1970s to 1990s. During this time, the U.S. Federal Highway Administration (FHWA)

in cooperation with state Departments of Transportation (DoTs) developed a generidvBiggeEment
System, which |l ed to the Pontis system [Thompson
organizing framework to help bridge managers make the transition from collecting and processing raw

safety inspection data to a more sopbéed approach of optimizing the economic efficiency of the

bridge networko. Pontis divides a bridge into 120
expansion joints, etc., and assigns CSs to these elements from one to five, with one being perfec
condition, and five meaning fArepl acementg)forequired
a new element (or an older element, in the case of an existing bridge). Pontis then uses the Markov chain
approach to predict the deteriorationtod £lement over time. Pontis also has the capability to model

different maintenance strategies, and associated with these are different TPMs, as well as an initial costs

per maintenance intervention. The total life cycle cost is then calculated as follows:
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V<i>=§<:(i,a) 8 B(AV() (2:30)
J

wherei is the CS observed today and the CS predicted one year in the futi@) is cost expected as a
result of being in statietoday,C(i,a) is initial cost of action a taken in state, is digcount factor?; (a)

is the transition probability of stajeonditional on stateand actiora, andV(j) is the cost expected as of
next year if stateoccurs.

Performing maintenance can result in future cost savings, however further benefit can be gained by
improving the structure at the same time. For example, increasing the width of a bridge to allow for wider
lanes reduces the risk of accidents, or increasing the strength of a bridge with substandard load capacity
so that trucks no longer have to take a det®antis can include the benefit of such improvements using

the following formula:

B=W(B +& ®) (2.31)

whereW s the weight given to user coB, is savings in accident cosB;is savings in vehicle operation
cost, and; is savings inravel time costs, each of which are calculated separately.

Once the current state of a bridge is known, Pontis uses optimization algorithms to determine the best
maintenance strategies for the bridBedge maintenance actions are mutually exclusivegtample
repairing concrete, painting girders, or installing preventative corrosion systems. These each have an
associated incremental cost to perform and-teng incremental benefit. Ponpgrforms an analysis

that ranks the actions in terms of theicremental Benefit/Cost ratio, and then organizes these into
different maintenance strategies, which are a combination of different adtf@associateimicremental

benefit and cost ratiasf these strategies are illustrated in Figure 2.13.

The most osteffective actions are those yielding the highest incremental benefit/cost ratios. As we move
up the curve, we require a higher initial cost for relatively fewer benefits, and so this maintenance strategy
is less coseffective. Most maintenance actiomsult in a net benefit for the long term cost of the bridge,
however to perform all possible maintenance actions would require significant cost, which may not be
realistic for a typical maintenance budget. Pontis therefore ranks the maintenance swategian

Incremental Benefit/Cost method by first assuming zero budget, and then calculates the total cost
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Figure 2.13: Diminishing marginal returns [Thompson et al., 1998]

assuming no maintenance is done. It then increases the maintenance budget in small increments, and finds
the combination of actions that yields the most-effsictive maintenance strategy for the budget
constraint. The engineer can then look at what budgevailable and perform the maintenance

suggested.

Another similar Bridge Management Software is BRIGIT [Hawk & Small, 1998], developed in 1996 by

the American Association of State Highway and Transportation Officials (AASHTO) in cooperation with

U.S. Federal Highway Administration (FHWA). BRIGITwasable fAf aci | itates the or
bridge data, provides clear, accurate and timely reporting, can rank bridge populations by a number of
userspecified criteria, allows the identification of critically deficient structures, and facilitates the

trackihngd deteri oration trends and repair performance
deterioration predictors and a lexsdtservice approach to model deterioration, repairs, and costs, and also
considers user costs associated with traffic accidentsetodrihg. BRIDGIT is also able to optimize

using multiperiod analysis as opposed to sequential period analysis, which means not only is the optimal

maintenance action calculated, but also the optimal timing.

BRIDGIT divides a bridge into elements, whiate then sorted into the following seven categories:

decks, superstructures, piers, abutments, joints, railings, and bearings. These elements are then assigned
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up to five CSs, as well as transition probabilities for Markovian deterioration modellingefigracation

is assumed to be a singdep process, probabilities may not jump more tharGsperyear, and that
improvements only occur when maintenance actions are performed. Other assumptions indiue non
dependent transition rates, and thattthasition probabilities do not vary from year to year. Baghs

then assigned an A/M/U factor, representing whether the element is Acceptable, Moderately acceptable,

or Unacceptable, which then triggers repair actions.

In addition to classic elementjch as concrete deck or steel girders, BRIDGIT also models protective
systems, such as waterproofing membrane or painting. [Hawk & Small, 1998] acknowledges that the
protected and protection elements should deteriorate together as a coupled process, BioREw T

uses a simplified direct method to avoid complexity. A protection modifier is defined for each protective
element, which represents the decrease in deterioration of the protected element. This modifier can
change based on tig&S ofthe protectie element. For example, a paint protection system is in CS2,

which is associated with a protection modifier of 4. The rate of deterioration of the element protected by
this paint is one fourth the rate of deterioration of the unprotected element. Tlatipnaggstem has its

own TPM, and as it deteriorates the protection modifier also deteriorates, resulting in the underlying

element deteriorating more rapidly as well.

Repairs of elements are modelled by shifting probabilities to higB8erBRIDGIT acknavledges that

the repairs may not be of the same quality as the original, and that deterioration may occur quicker for the
repaired element, and so BRIGIT artificially accelerates the deterioration by moving some of the element
percentages to a low&S. There are two levels of repairs that can be performed, the first removes all
unacceptabl€S probabilitiesthe second removes all unacceptable and marginally unacceptable. If the
cost of repairs exceeds 70% of the replacement cost, then a replacemeris aetitormed instead,

which has higher cost.

As mentioned above, BRIDGIT considers user costs associated with functional deficiencies, and also
costs associated with accidents and detours (i.e. user delay costs). One of the deficiencies is deck width,

arnd the associated cost is calculated using Equa2iaa)(
WC(i, t) =365 @costH WA ADD (19> L (YO @LoSwv(i,t) wW() #* w (232

wherei is each bridge ands time, WC is the total user costgostHis the unit cost due to an accident,
ADT s the annual daily traffid, is bridge lengthALOSWs acceptable clear deck widt©®Sgoal, W is
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actual clear deck with, antfl-W5are regression coefficients. Other equations are used to calculate costs
associated with deficiencies in bridge clearance or load capacity, which incur detour castsiSEne
costs are then included in the optimization functions for determining the optimal maintenance strategy.

More details about optimization and other considerations can be found in [Hawk, 2003].

A third popular BMS is KUBA, based out of Switzerlandajdin, 2001]. It also uses a Markovian
deterioration process using five condition states, and can also optimize maintenance strategies using
similar processes to those employed by Pontis and Bridgit.

There have been several other BMSs programs developae, privately and some publically. TaBlB&
shows the type of BMS used in each province in Canada:

Table2.5: BMS details per province [Hammad et al, 2007]

Province: Number of BMS:
Bridges
Alberta 13,900 BEADS
British Columbia 20,000 N.A.
Manitoba 1,200 Pontis
New Brunswick N.A N.A.
Newfoundland and Labrado| N.A N.A.
Nova Scotia 4,000 NSBMS
Ontario 3,000 OBMS
Quebec 8,700 QBMS
Saskatchewan 3,020 N.A.
Prince Edward Island 200 PEIBMS

BMSs are alsoised internationally, a study performed by [Adey et al, 2010] found BMSs used in 15
countries, modelling a combined total of 880,610 bridges and cylsbdws/n in Table 2.6

BMSs can not only be used to predict optimal maintenance strategies on sofggs,kbut also on

network of bridges all drawing from the same budget [Elbehairy et al, 2009].
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Table2.6: BMS details per country [Adey et al., 2010]

MNo. Country Name Bridges Culverts
1 Canada OBMS 2°800 1'200
2 Canada aBmMs 8700 0
3 Denmark DANBRO 6’000 6'000
4 Finland FBMS 11'487 3’078
5 Germany GEMS 0 0
b Ireland Eirspan 2°800 0
7 Italy APTBMS 1'011 0
8 Japan RPIBMS 750 0
9 Korea KREMS 5'317 0
10 Latvia Lat Brutus 934 845
11 | Metherlands DISK 4'000 600
12 Poland SMOK 8290 24'185
13 Poland SZ0K 0 0
14 Spain 5GP 13'252 5'979
15 Sweden BaTMan 288 300
16 Switzerland KUBA 5000 1'250
17 SA ABMS 9'728 6'112
18 ISA Pontis 500000 250000

Total 580'357 300253

As shown, BMSs are used extensively for modelling predicting deterioration of bridges in Canada
and around the world, and improvements to BMSs in general will therefore have a large impact on the
maintenance of bridges to an acceptable level of safety in the masffeasitve manner.

However, fatigie is generally not well modelled in current BMSs. Those BMSs that do include CS

definitions for fatigue generally are not capable of modelling fatigue deterioration. Rather, the CS
definition is essentially a ridépendimggdn an mspectionresult, ai sed
and the effects of further deterioration and/or management actions such as reinforcement or treatment

cannot be modelled. Tab®e7 presents the CSs and descriptions for fatigue in Pontis.
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Table2.7: Pontis fatigue condition state descriptions [MDOT, 2007]

Condition | Description Feasible Actions

State:

1 AGoodo Fatigue damage to th
arrested. The bridge may still be fatigue prone.

2 fi F aFatigde damage exists which is not arrested (normally, | A Moni t or
condition state would be used the first time the element is damage.
identified and at any other time when additional fatigue dama¢ A Ret r of i |
occurs.)

3 fi Poor / $atigue damagé exists which warrants analysiss A Anal yze
the element to ascertain the serviceability of the elementorth A Rep | ac e
bridge.

There are several shortcomings with this information. The first is the number 6fdd8ghree are

used. The second is a lack of clear CS definitions. The difference between CS1, CS2, and CS3 is very
subjective, and not governed by a quantitative measure, such as crack depth. There is also no
consideration for the effects of preventative m&iaince such as impact treatment to slow or arrest crack
growth in critical areas. In fact, as mentioned earlier, fatigue deterioration is not modelled at all in this
BMS currently or any other, based on the information in the current literature on fleiststibus, there

is a significant need / opportunity to improve future BMSs in this regard. Possible reasons for the current
state of affairs include: 1) the difficulty associated with detecting fatigue damage during the early stages
of fatigue life, whith makes the CS definition a challenge, and 2) uncertainty regarding the degree to
which the complex behaviour of fatigue cracks can be adequately represented using the simple
deterioration models commonly used in BMB8a.improved fatigue deterioration meldcould make

better use of fatigue inspection data, which is already difficult to acquire as early growth cracks are not
detectable from visual inspection, and also improve allocation of maintenance budget funds to optimal

projects.
2.4 Previous efforts to nodel fatigue using Markov chain models

Previous research has been conducted to maitpléausing Mirkov chain models. One such paper,
[Lassen, 1991], investigates the fatigue loading on offshore steel structures by repeated wave loads. A

total of 44 samies were loaded under constant amplitude loading at 150 MPa, and the cracks were
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measured using an automatic crack monitoring system. The crack length was dividessjmenging

from 0.7mm to 3mm. The probabilities 65 movement were then defined basedthe results from the
fatigue tests and théSdefinitions. The Mirkov chain was then used in an example application

modelling the deterioration and potential maintenance strategies of a main float column in an offshore
structure. However, this papesas only one loading stress range, at constant amplitude loading, and for
a certain detail geometry, and so applications are limited. In addition, the statistics of small cracks was
governed by the ability of the crack measuring devices, and so theitrapsdbabilities at lower crack
length may not be accurate.

In [Bogdanoff & Kozin, 1985], a detailed investigation\arkov chains is conducted, including simple
stochastic cumulative damage models, nonstationary models, and continuous time veedgmns. It
discusses how to incorporate incomplete inspection data into the calibration process. This reference
illustrates examples of how to applyakkov chains to cumulative deterioration models such as corrosion,
plastic degradation, and especially fatigue.

More recently, [Walbridge et al, 201Bave investigated the prediction of fatigue in bridges using

Markov chains. The authors use a Strain Based Fracture Mechanics model to predict deterioration of a
weld in a bridgeusing different combinations of stress ranges and design service lives. Different
maintenance actions, such as inspection, treatment, repair and replacement are defined, and these are
combined to form different maintenance strategies. These are theradanedr a 100 year life span, and
total life cycle costs are calculatedd Markov chain was then set up to also calculate life cycle costs,

using similar maintenance actions and loading casekcalibrated to minimize the difference in the

costs betweethe two methodsHowever, the transition probabilities are not directly related to concrete
condition state definitions, as the calibration was performed to the total cost as opposed to crack growth

data.
2.5 Fatigue assessment and retrofitting methods

If a fatigue crack is detected or a fatigue concern is raised, based on calculations or previous experience
on similar structures, there are several methods available for addressing it2Figymesents a

summary of common repair strategies, which alssiciems the cause of the fatigue cracking.
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Repair and strengthening methods
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Grinding is removing the crack and the surrounding material completely frostrtinture by using a

Figure 2.14: Repair and strengthening of fatigue cracks [Kuehn et al, 2008]

grinding tool. This removes the theoretically infinite stress concentration caused by the tip of the crack

with a more gradual hole caused by the width of the blade, but may also increase stress due to the

corresponding reduction inass section area. Reelding is adding welding material over the affected

metal. Surface treatments include: tungsten inert gas (TIG) dressing, impact treatment (e.g. hammer

peening) or grinding, and largely deal with only a couple of millimeters of dEp#se are only able to

affect small crack sizes, as cracks larger than the treatment depth are generally not affected by these

treatments. Reinforcement by adding plates to connect both sides of the crack can reduce the stress at the

crack tip by providig an alternative load path. Bolted splices act in a similar manner to adding plates.

Improving the shape can reduce stress concentrations caused by sharp changes in geometry, which can

reduce

by removing the theoretically infinite stress caused by the sharp crack tip by replacing it with a more
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gradual hole. Finally, modification of the connection detail can reduce the stress in critical areas, which
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Impact Treatment of Welds

The methods described in the previous section can nmsthescribed as reactive maintenance, and rely

on a crack being detected. There are a number of preventative maintenance options available, which can
be applied prior to crack detection to increase fatigue life. One important category of preventative
mainkenance treatments is impact treatments, such as needle peening (Figueatiner peening, and

high frequency mechanical impact (HFMI) treatment (Figure 1.1).

X 28 ]

Figure 2.15: Needle peening [Ghahremani &albridge, 2011]

Impact treatments work by introducing compressive residual stresses near the surface of the treated weld
toe. These have the effect of slowing or arresting crack growth rates at smaller crack depths. Figure
2.16(a) shows a microscopic viesf a treated weld toe, with the surface grains compressed due to the
impact of the treatment tool. Figure @(ft) shows the effect of impact treatment on the residual stresses.
The dashed line is for the-aglded specimen, where the residual sesasenear zero or slightly tensile.

The solid line is for the impact treated weld, and show a residual stress that is compressive and near the
yield strength of the steel. This effect is only for about 1.0 mm near the treated surface.
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Figure 2.16: Microstructure and residual stresses of needle peening [Ghahremani & Walbridge, 2011]
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These treatments are only effectfee small cracks or cracks that have not formed yet. These treatments

can be used on new welds, or for retrofitting existing welds, so long as they do not already obtain large
cracks. Various studies (e.g. [Ghahremani & Walbridge 2011]) have showneledtabts of impact

treatments on fatigue performance can be predicted using fracture mechanics models, wherein the residual

stresses along the crack path are modified to simulate the effect of the treatment.
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3.0 Probabilistic fracture mechanics

In this chager, probabilistic straibased fracture mechanics (SBFM) analyses-oéesived bridge

welds and bridge welds retrofitted by impact treatment (specifically: needle peening) are performed using
Monte Carlo Simulation (MCS) and théultiplicative DimensiorReduction MethodM-DRM).

Modifications to the SBFM code to enable analysis BIDRM in both the finite and infinite life domains

are discussed, and the benefits of usinPRM are critically assessed.

Accurately predicting the fatigue deterioration aflded components can be a computationally expensive
undertaking in particular, in cases where nonlinear material and variable amplitude (VA) loading effects
are significantas modelling these effects may require stege introduction of each stress B;cand

Acylbylcegg cl e 0 cr ac k. Ragenteffortshhava lbean ugdsriaken (e.g. [Walbridge et al.

2012]) to model the fatigue behaviour of welds modified by impact treatment using ebasathfracture
mechanics (SBFM) model that employs up to 17 input parameters. This models cycles tia¢ ahater

various points along the crack path, generatinglimaar stressstrainhysteresis loops. The strain peaks

are then used to calculate the crack propagation with each load cycle. When analyses are performed under
complex VA loading histories, eversagle deterministic analysis can be tedious.

Determining the statistical properties of fatigue performance is very useful for design. However, to
reliably determine these properties experimentally takes many tests, which is both expensive-and time
consuning. Deterministic models, such as SBFM models, can be calibrated to experimental results, but
they fail to include the variability of the material properties, geometry, defects, loading, etc., of the

physical experiments. This variability is important whiealing with reliability in design.

If a probabilistic analysis is performed using Monte Carlo simulation (MCS), then hundreds of thousands
of repetitions of the deterministic analysis may be required. In addition, if an entire structure is analyzed,
separate simulations may be required for each potential crack initiation site. If the goal is to compare
alternative management strategies for the structure (e.g. sequences of inspection and impact treatment
retrofitting at various stages during the serliig, then the use of the SBFM model ceases to be a

feasible option, despite its advantages in terms of accuracy and sophistication.

The multiplicative dimensional reduction method-INRM) is a recentlydeveloped statistical method
[Zhang 2013], which vaes the input variables using Gaussian weights as initial guesses, while holding

the other variables constant. Based on an analysis of the resufisafiaumber of trials, not only are
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statistical properties, such as mean and standard deviationatadicudut primary and global sensitivity
analysis can also be performed. The main benefit to this method is a reduttemimber of trials
required, br example, for a-¥ariable problem, instead of theanythousands of trials required

perform arMCS analysis only 16 are requiredsing MDRM.
3.1 Monte Carlo Simulation (MCS)

The deterministic SBFM model outlined in Section 2.1 is useful for predicting the fatigue life of one
specific weld with one set of input parameters. However, in reality dieofmodel parameters have a

certain amount of variability, from material properties to loading conditions to geometric properties.
Deterministic (nominal) values are generally used in design, but construction is never perfect and so the
parameters in thedid can differ from the design values. Even extremely small variations to parameters

such as the initial defect size can have a large impact on the fatigue life.

With this in mind, in the current study, the SBFM model was run as a probabilistic mogbicineach

of the initial variables had statistical properties including: mean, standard deviation and distribution type.
This approach has been used previously to perform probaMilisgar Elastic Fracture Mechanics

(LEFM) analysis of aseceived and eedlepeened weldBNalbridge & Nussbaumer 2008h the SBFM
model, the additional parameteegjuired to model nonlinear material effeictslude: the elastic

modulus E, the static yield and ultimate strengilianddi, the cyclic material parametei$,@ndn 6and
aparameterg, which models the recovery of the crack opening stress following ovetodés VA

loading [MacDougall & Topper, 1997].

Given the deterministic model and statistical distributions for the input parand@$scan baised to
generate histograms ofack depthversus number of load cyclesfailure N, for differentstress ranges

This was done in [Walbridge et al. 2012] for the analysis of a transverse stiffener weld in mild steel plate.
Table 3.1 shows the statistical prajes of each of the input variables assumed in the probabilistic SBFM
analysis. A justification of these statistical properties is presented in [Walbridge et al. 2012]. It should be
noted that all of th& AR)) are multipliers applied to the deterministioael parameters to account for

various sources of uncertainty.
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Table3.1: Probabilistic SBFM analysis variables

o

Var. € u Units Dist. | Description

a 0.15 |0.045 |mm LN |initial crack depth

(a/c) 050 |(0.16 |- LN |initial crack aspect ratig

VAR(T) 1.02 |0.012 |- N T = plate thickness

dw 39.8 |6.9 ° LN |weld toe angle

Jw 0.65 (0.3 mm LN |weld toe radius

LN(C) -29.13|/0.55 |N,mm |N Paris law constant

o Kn 80.0 |[15.0 [N, mm |[LN |SIF range threshold

€ 0.002 (0.001 |- LN |crack closure paramets

VAR(E) 1.04 |0.026 |- N E = elastic modulus

VARY U [1.07 |0.053 |- LN |Gy = yield strength

VARG |10 0.077 |- LN |0, = ultimate strength

VAR( KJ1.04 |035 |- LN |K & Rambergosgood
constant

VAR( nd092 |015 |- LN | & RambergOsgood
constant

VAR (ad |1.0 025 |- N Uweld = Welding residual
stress

VAR i | 1.0 020 |- N Upw: = peening residual
stress

VARG= |10 015 |- N &S = nominal stress
range

VAR(SCF) [0.93 |0.12 |- LN | SCF=stress
concentration factor

Note: VAR) denotes multiplier applied to the nominal value.
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The statistical properties in Table 3.1 were run through a random number generator and a value for their
parameter was chosen, and that value used as an input for the SBFM model, which resulted in a number
of cycles to failure. This procedure was repeéiadreds of thousands of times, each time with a new set
of input variables randomly chosen, with the result being a histogram of the number of cycles to failure.
Statistical analysis can then be performed on the results, and a mean and standard aletaiztgsh This

process is repeated using different stress ranges as an input, and using the resultant mean and standard



deviation both the 50% and 95% survival probabilitid 8urvescan be graphed he 95% survival

probability curve is commonly used fdret fatigue design of structures such as bridges.

A question for all MCS analyses is how mdrigls must be performed. Moteials will mean greater
accuracy, but also greater computational time. To determine how many weredegjlarge number,
200,000trials, was chosens a starting poinand then iterations with fewaials were performed and

compared against the 200,000 until a noticeable difference started occurring.

This comparison was performed using condition states, similar to those usedeabthe deterioration of
structural elements in bridge management systems (BMSs), where CS1 is like new, and CS5 represents
failure, etc. The criteria for moving between CSs is the fatigue crack depttth boundary limits

shown in Table 3.2.

Table3.2: Condition state definitions

Limit :

Condition State 1| a< 0.15 mm

Condition State 2| a< 0.25 mm

Condition State 3| a< 1.0 mm

Condition State 4| a< 2.5 mm
Condition State5/a®0 2. 5

MCS was themperformed on SBFM, the output divided into condition states, with the results shown in
Figure 3.1.

The vertical axis in Figure 3.1 is the probability being in each CS, and the horizontal axis is the number of
years of service. For the purpose in this secthe actual numbers are not important, rather how close the
estimations are with fewer runs. The reason these plots were used for comparison is to capture not just the
probability of failure, but also the manner in which the crack grows over time,uceghst accurate

predictions are performed for all crack sizes. Comparing the solid and dashed lines in Figure 3.1, the

effect of reducing the number of trials used in the MCS can be seen.
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Figure 3.1: Monte Carlo Simulation convergence analysis

The threshold for convergence was set such that there is no visual difference from the data produced from
200,000 trialslt can be seen that there ismaticeablechange when decreasing from 200,000 to 50,000
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trials. However, at 10,000ials the lines art to shift, particularly for CS5, or failurand so it appears
that 50,000 trials is when the results convelkgging more than 50,000 trials will result in increased
computational time with no benefit with regards to accurangsomewhere between B00 and 10,000
trials the results produced are slightly inaccuraherefore for the remainder of the analyses in this
thesis, MCS is performed with 50,008ls.

The model can now be used to generate survival probability curves. By changing tisérégsutange,

we can obtain the number of cycles to failure for different points alongtheusve. The most common

type of loading seen in analysis is Constant Amplitude (CA) loading, as it is simple to calculate. The CA
loading in this thesis uses@ald factorSnin/ Snax0f 0.1 However, CA loading is not realistic, particularly

for bridges, as trucks vary significantly in terms of weight and therefore stress ratigeaitical

members. Figure 3ghows a histogram and the cumulative frequencyaggyvehicle weights in

Ontario:
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0.20 - - 08 2

2 015 - 06's
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Truck Weight [Tonnes]

Figure 3.2: Ontario gross vehicle weights [MTO, 1995]

As shown, there is a significant range in weights of trucks that drive over the bridge, and assuming
constant amplitude loading is unrealistitiereforetwo variable amplitude loading histories were
developed, the first (p$1-40) is the measured stress¢she midspan of a 40 m span, and the second (ps
r-15) the stresses at the reaction of a 15 m continuous girder. Bi§steows the influence lines for the

stresses for each of the histories:
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Figure 3.34) shows the influence lines for the ment at midspanps&m) and thesupport reaction (pg
for a simply supported girder. Figure @3Bis for a 2span continuous girder, and shows the midspan

moment (ps2tm), support reaction (p2t), and intermediate support (ps2ix

Using the data from Figui2 and applying it to the influence lines from Fig®8&, variable amplitude

loading histories were developed, as shown in Figdire
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Figure 3.4: Variable amplitude loading sample historigzhahremani, 2010]
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The history on the left, p:-40, is significantly more narroWwanded. As it is the stress at the midspan of
a simply supported girder, each truck passage generally results in only one large load spike. Comparing
this to the history on theght, we can se that the ps-15 history contains many more intermediate peaks,

as each wheel of the truck causes a local maximum and minimum stress as it moves over the support.

In addition to considering different types of loading histories, SBFM can also consitendnt
strategies. There are several different types ofywe#l treatmentsyhich can increase the fatigue life by
introducing residual compressive stresses, in this thesis needle peening will be modelled.

Running MCS on SBFM, using 50,000 runs asmeiged by Figure3.1, we get the $N curvesshown in
Figure 3.5.
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Figure 3.5: MCS on SBFM &l curves

The dark lines are the 50% survival probabilities, and the grey lines are 95%. There are some differences
observedat high stress ranges between the different loading histories, with both VA histories showing
longer lives than the more conservative CA. The curves end at a stress range of around 100 MPa, this is

due to the issue of infinite lives, which will bescussed later.

3.2 M-DRM

While the SBFM model employing MCS described in the previous section is highly accurate and allows

the effects of many parameters on the fatigue behaviour of the weld to be assessed in a probabilistic
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framework, it has the signifamt disadvantage of being highly computationally costly and slow. One
possibility for addressing this shortcoming is to perform the analysis instead using the more

computationally efficienMultiplicative Dimension Reduction Methd®1-DRM).

As there are lihput variables, a total of 86 runs (5-17+1) of the SBFM model are required to perform
the SBFM analysis for a given stress range. This is significantly less than the 50,000 runs required for

MCS analysis.

M-DRM was performed using SBFM, with the resaltsnpared to MCS in Figuie6.
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Figure 3.6: MCS vs MDRM

As shown, MDRM fits very closely to MCS, with differences in the curves bamelyceable, at a
fraction of the computational time. However, these are still not fMIcsirves similar to the MCS, the
issue of infinite lives continues for the-DRM calculations below about 100 MPa. The behaviour at

lower stress levels and higher noen of cycles is unknown.
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3.3 Infinite lives

In welds, it is possible for testing or fracture mechanics analysis to determine that the fatigue life is
effectively infinite, if the local applied stress range is sufficiently small or the fatigue resistahee of t
weld is particularly highln a probabilistic SBFM analysis, the end result may be a histogram such as the
one shown in Figur8.7, which exhibits a very long tail to the right of the mean, which may eventually be

truncated at the number of cycles atiaththe analysis is stopped.
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Figure 3.7: MCS SBFM Histogram

In Figure3.7, the distribution of number of cycles to failure is centered ar600¢D00cyclesto failure,
andgradually decreases to zeHowever, there is a significant spike at the fatigumwhere the analysis
is stopped. The analysis could continue, but the significant extra computational time would not be worth

the extra information. The percentage of infinite lives risethe stresrange decreases.

This trend makes it difficult to calculate properties of the statistical distribution of the fatigue life, since
parameters such as the mean and standard deviation cannot be calculated in the normal way if the set of

analysis results ludesinfinite lives.

One solution to this problem would be to neglect the infinite results, and simply take the average of the
rest. At lower stress ranges the average of the finite lives would still be higher, and so this would capture

that increase. Heever, at lower stress ranges more than half of the lives can be infinite, and so neglecting
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these can result in a significant error of estimation. An additional problem is that there are some results
which may be very high, for example between one andition, which are not infinite but can still

skew the data significantly when included in average and standard deviation calculations.

A better solution is to sort thresults from leasttogreateath d using t he mi dadl e or
opposed taheaverage. Ahigherstress ranges, where no infinite lives occur, the avarayein fact be

equal to the mediafhe resulting point corresponds with a 50% survival probability. Points for other
survival probabilities can be obtained isimilar wayi i.e. by ranking the results and selecting the

fatigue |ife below which a certain percentage of

Figure3.8shows survival probability curves obtained by MCS, which have been extended to logger stre
levels where trials with infinite fatigue lives become significant in number. Three loading histories are
comparedCA loading at a stress ratio of R = 0.1 and VA loading under the two highway bridge loading
histories discussed earlier. In this figuresults for asvelded (AW) and needle peened (NP) welds are
now also compared. Modelling this weld retrofitting treatment in SBFM is done by simply changing the
residual stress distribution along the crack path. The model for the residual stress dissriiloutboth

cases (AW and NP) are shown in Figures2Tlhese mean stress distributions along the crack path are
multiplied by the statistical paramet&/8Rlwei) andVARUpw) to account for uncertainty in the residual

stresses due to the welding preg@and due to pesteld treatment by needle peening.
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Figure 3.8: MCS SN curves

The computational time to plot these graphs was approximately 2 full days per graph, depending on the

loading history, with the VA loading histories requiring longer analysis times.

As the MDRM input grid points (see Figurel®in Chapter 2) vary by as much as several times the
standard deviation around the mean, the problem of handling analysis trials that result in infinite lives
becomes significant at much higher stress ranges when perforrridigNlanalysis than for it does

MCS. However, once the problem occurs it is not as easily handled, as every grid point is needed to
determine thetatisticalmoments of the fatigue life distribution at a given stress range.

Figure 39 presents a graph that shows the effect of varyingttiess intensity factor range threshold,

0K, vs. the number of cycles to failuld, f or t wo n o miSn8aMPasrid®0MPa. Theanges,
dark vertical lines are ttd-DRMi nput gri d points Kpor FHSIPeMmallat i st i ¢
gid points result i n Sf80MP4, the ldstigfideoinerstarns arairtfiretesvalueb ut a't
This means that the fdRM analysis cannot be performadcurately Since it is the lower tail of the

fatigue life distribution that we are mostengsted in, one possible practical solution would be to make an
estimation of the fatigue life for that grid point by linear extrapolation using the finite fatigue lives

obtained for the four known points, as shown in Figure 3, accepting that this assuwifptnot be

accurate for the upper tail.
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This approach was investigated in this study and it was found to be effective in lowering the minimum
stress level thacould be analyzed using-MRM, as illustrated in Figure B0.
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Figure 3.10: Dealing with infinite lives in MDRM (psr-15 loading)
However, eventually so many of the grid points yield infinite livestti@error resulting from this

approximation becomes too great, and so another approach is required for performing analyses at lower

stress ranges.

The most successful approach investigated in the current study is summarized in the following
paragraphs. Siply stated, instead of using the SBFM code to calculate the number of cycles toRailure,
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it can be modified to calculate the threshold stress range below which there is no crack propagation. This
is done by gradual |y i Kec=r kg Bhe augutis theelimiing or thuesholdd an g e
stress range for a given combination of input parameters. This threshold stress range will vary with
variations in the input parameters, such as the initial defect degplineshold stress intensityctar

r a n ¢Ke, etc. DRM can then be performed using the modified SBFM model, and statistical

parameters of the threshold stress range can be calculated and plotted. This threshold stress range would
represent the lower bound of afNlot, which theinite life curve will never cross.

Figure3.11shows the resulting-8 curve drawn using MDRM. At high stress rangeM-DRM analysis
results in finite fatigue life predictions for all of the analyzed grid ppantsl it isa straight forward task

to usethe results to plot a 50% survival probability curve (solid black) and a 95% curve (dashed line).
The calculated curves continue down to lower and lower stress rangesaultiile M-DRM grid points
result in infinite life predictionand results are nonger accurateM-DRM is then performed using the
modified SBFM codeand 50% and 95%urvival probability lines arplotted based on the distributioh
the threshold stress rang®e now have linedescribing the finite and the infinite life regionstioé SN

plot. To complete th&-N plot, these lines can be simply connected.
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Figure 3.11: M-DRM finite and infinite life analysis
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3.4 Sensitivity analysis using MDRM

Using EquationsZ.20 and @.21) from Sectior2.2.2 sensitivity analysis of the input variables can be
performed with MDRM. The results of such an analysis are shown in Figdi2 The sensitivity of the
input variabless on the vertical axis, and tlplied stress range is on tharizontal axisTheresulting

sensitivities in this figure are for an-seceived weld.
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Figure 3.12 M-DRM sensitivity analysis for an asceived weld

The higher the sensitivityf a given parameter, the greater the influence variations in the parameter will
have on the predicted fatigue life, based on a finite life analssishownin this figure the Paris

ConstanCC has the largest sensitivitgt almost 0.5both under CA ath VA loading. TheVARSCBH

parameter yields a high sensitivity for both loading types. The parameter describing the uncertainty in the
applied stress rang¢ AR 8, is higher under VA loading.he sensitivities ofome of the 17 statistical
variablesarenegligible, and so not shown. The reason we start to see significant fluctutioas
sensitivitiesat thelower stress ranges is due to the infiflifie predictions for certaigrid points.These

startat aroundys = 135MPa, and so the problem does not become severe until very low stress ranges,

when close to half the variables start to experience infinite lives in their input points.
3.5 Comparison of MCS and M-DRM analysis results

A comparison between MRM and MCS is shown in Figu13for the three different loading cases,
and for both asvelded (AW) and needle peened (NP) welds.
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Figure 3.13: M-DRM vs MCS results

Taking a closer look at the results compared in Figutd a number of observations can be made. At

high stress ranges,-MRM was found to be accurate in predicting the MCS results withilAs%he M
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DRM starts to result in infinite life predictions, the accuracy decreases slightly, but is still well within 5%.
Eventually there are infinite life predictions at too many grid points, at which point the finite life analysis

is halted. The infirte life analysis is then performed to determine the threshold stress range.

The computational benefits of IRM were very obvious when performing these comparisons. The time
to generate a singlel$ curve using MCS was approximately 2 full days, dependinthe complexity of

the loading history, whereas the MRM curves could be plotted in under an hour.

There are a couple conclusions that can be drawn from these plots. The first concerns the e#dt# of n
peening. This can also keen in Figur&.8, where the asvelded and needle peened curves are

superimposed on the same graph. At high stress ranges there is little to no treatment benefit, but at low
stress ranges needle peening can have a significant effect in increasing the life of a weldiu€his is

the compressive residual stresses that needle peening introduces. For higher stress ranges, the applied
tensile stresses are greater than the compressive residual stress due to needle peening. The treatment stress
is therefore insufficient to arresrack growth. At lower applied stress ranges, the tensile stresses

generated are not enough to overcome the compressive residual stresses, and so the crack does not grow.
A second conclusion concerns the effect of variable amplitude loading. In gémeeffect of the

loading history type is less at the higher stress ranges. At the lower stress ranges, the CA loading analysis
results in infinite lives at higher stress levels. Under the VA loading histories, even though the equivalent
stress range i®W, there are occasional overload cycles in the loading history that are large enough to
ensure that fatigue crack growth still occurs. As the fatigue crack grows, the smaller cycles also start to

cause fatigue damage, and eventually fatigue failure nibgestilt.

Thirdly, the type of VA loading does make a difference. Comparing the two investigated VA histories,
the psr-15 history has a lower threshold stress range. This result can be explained in part by the greater

difference between the peak stregasge and the equivalent stress range for this history.

In summary, MCS on SBFM can be used to pldt 8urves, with low stress levels plotted using median

as opposed to average:BRM can accurately reproduce these curves with a fraction of the
computatimal time, plotting at low stresses by extrapolating for infinite grid points and performing M
DRM on threshold stress values as opposed to number of cycles to failure. However, both of these
methods are still complicated, and at a minimum require a compdel such as SBFM, and so are
unsuitable for use in BMSs. As a result, in the next chapter, the much simpler Markov chain models will

be explored.
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4.0 Modelling fatigue deterioration using Markov chains

4.1 Introduction

As discussed in Sectidh3 Markov chains can be a useful tool for predicting deterioration of structures

in large infrastructure networks due to their relative simplicity and ease of use. They are commonly used
in bridge management systems (BMSs). They can be applied to comptxrsts by dividing the

structure (e.g. bridge) into elements, and then dividing each element into discrete condition states (CSs),
which are typically defined by observable parameters such as crack size or percentage of section loss. A
transition proballity matrix (TPM) is defined, which governs the movement between CSs, in order to
calculate probabilities of being in each CS vs. time. The initial conditions are assumed or calculated. CSs

can also be altered to model management actions such as repaiplandment.

This chapter focuses on the calibration of Markov chains to model fatigue deterigtatibrations will

be performed using three different data types: previously established (dedlgyr&es, failure data,

and crack growth output obieid from a calibrated probabilistic SBFM model. The results of these
calibrations will then be compared. Following this, it will be demonstrated how the calibrated Markov
chain models can be used to model fatigue management actions for bridge weldsgeagoin,

treatment, repair, and replacement) and to model the deterioratiorrefatecelements due to multiple
mechanisms, such as corrosion and fatigue. Lastly, the ability of the simple Markov models to predict

optimal fatigue management strategiél be critically assessed.
4.2 Calibration

As shown in Tabl®.4from Sectior2.3.1 the number of CSs used in common BMSs around the world is
not set, but changes from one proprietary program to the next. Therefore in an effort to capture the range
of Markov chain sizes commonly used in existing BMSs, two fixed Markov chain sizes are investigated
in this thesis, namely: five and ten condition states. The results of this investigation are therefore expected
to be relevant to a wide range of BMSs. The resalisalso be used to determine if the number of CSs in
a Markov chain has an effect on its ability to model the fatigue deterioration and management of welds.
The benefit of using two Markov chains with the number of CSs divisible by a common integeitis th
is easier to compare results for individual CSs between the two models.

55



4.2.1 Calibration using design SN curves

One possible way of calibrating a Markov chain model to predict fatigue deterioration is to use the design
or -NMS curves i mdexi sMhiing < trawleaydnformatersabatite ra@ df

fatigue damage accumulation (i.e. the rate of transitioning through the intermediate CSs), they can be
used to determine the statistics of the time required to arrive at the failufdh€Benefit of this

approach is that the desigriNScurves have been established using very large quantities of test data.

Figure 4.1, taken fror81614 [CSA, 2014] shows the relationship between the stress r&@ad the

number of stress cycles tailfure, N, for detail categories A to E1. Thesd\Surves represent the 97.7%
survival probability for the various detail categories. Each curve has a Constant Amplitude Fatigue Limit
(CAFL T dashed line), to describe a stress level below which the daifguwill effectively be infinite.

Below the CAFL, the $N curve slope becomes flatter (the slope fagtpincreases from 3 to 5). The S

N curve below the CAFL is used for fatigue design under variable amplitude (VA) loading.
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Figure4.1: SN plot [S1614]

The CAFL Fsn) for each detail category is given in Table 4.1.
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Table4.1: SN curve constantsS1614]

Constant amplitude
Fatigue life threshold stress range,

[etail c'ntvgnh's' constant, ¥ Fopp. MPa
A 8190 = 107 165
B 3930 x 107 110
B1 2000 = 107 B3
C 1440 x 107 69
C1 1440 » 107 B3
D 721 = 10° 48
E 361 = 107 31
E1 128 = 107 18
M 164 561 = 107 214
M253 1030 = 107 262

For each detail category, the number of cyalesociated with the CAFL (or the point on thél Surve at

which the slope changes) can be calculated using Equétin (

N=I_
I:srt (4'1)

Design SN curves such as these are generally obtained by calibration using fatigue |dbtdatad

from many laboratory tests conducted at various stress ranges on a given fatigue detail. An internationally
recognized procedure for performing this calibration can be found in [Hobbacher, 2009]. In order to shift

these curves so that they canused to represent other survival probabilities, normally one must collect a
statistically significant quantity of fatigue life data for the detail category of interest and essentially repeat

the calibration performed by the code writers for the new surpiadability. Thankfully, for the North

American detail categories such as those foun@84, 2014, a set of correction factorBg, can be

found in [AASHTO, 2011], for shifting the curves so that they can be used for other important survival

probabilt i es. These factors are provided in Table 4. 2,
refers to 50%.
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Table4.2: Rrfactors [AASHTO. 2011]

Ry

Detail . Evaluation Minimum Mean
Category Life Life
1.7 1.0 2.8
B 1.4 1.0 2.0
B’ .5 1.0 2.4
C 1.2 1.0 1.3
C’' [.2 1.0 1.3
D 1.3 1.0 1.6
E 1.3 1.0 1.6
E' 1.6 1.0 2.5

Using the CAFL point from the-8 curve to get the 97.7%urvival probability, and theRg value to get

the 50%survival probability the following equation can be used:

i,50% —

N N ,97.7% Q? i,

Wherei is the detail categoryiez.7is the number of cycles to 97.7% probability of failure, calculated

4.2)

from Equation(4.1) and Tabled.1for detail category, andRg, is taken from Tabld.2 The result from
this equation is shown in Tabfe3.

Table4.3: Number of cycles at CAFL for two survival probabilities.

Detail Stress | N (cycles) | N (cycles)
category | (MPa) | (97.7%) (50%)

A 165 1.82E+06 | 5.10E+06
B 110 2.95E+06 | 5.91E+06
Bl 83 3.50E+06 | 8.39E+06
C 69 4.38E+06 | 5.70E+06
C1 83 2.52E+06 | 3.27E+06
D 48 6.52E+06 | 1.04E+07
E 31 1.21E+07 | 1.94E+07
El 18 2.19E+07 | 5.49E+07
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In order to perform the Markov chain calibration for a given detail category, the TPM is initially set up
with all of the transition probabilities set to the same arbitrary number. The initial CS vector is set up
assuming that there is a 100%anhe of being in CS1 at year zero. A simulation is then performed to
obtain the probability of failure (i.e. being in the highest CS) versus the number of years of service (with a
constant number of cycles per year assumed). Based on the analysis, theafurybles associated with

the 97.7% and 50% survival probabilities can be determined and compared with the similar values at a
given stress level (e.g. the CAFL) for the detail category of interest, based on Table 4.3. The transition
probabilities arelten changed until the number of cycles corresponding with 97.7% and 50% survival
probability match the values in Table 4.3. For the current study, this was first done by minimizing the
sum of difference of squares between the number of cycles to failowated by the Markov chain and

the target values from Table 4.3. Since the desifjhc8rve provides no information about the

probability of being in any of the intermediate CSs, the simplest assumption is that the transition
probabilities are the samerfall CSs. Thus, only one number (the transition probability for all CSs) is

varied in the calibration. The result for Detail
1000
o il 5% survival
E probability
z - 97.7% survival
g 100 probahbility
H] »*  Reference(516-06
E and AASHTO)
E A CategoryD
10
108 108 107 108

Mumber of stress cycles, N
Figure 4.2: SN plot, Category ralibration

The greylineisthe8l curve taken from [CSA, 2014]. ®he two ¢
pointsaccording to Table 4.3. The solid markers are the result from the Markov chain calibration, the

triangle is 97.7% and the square is 588fvival probability.
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As seen in Figure 4.2, the estimatior\ofior the 50% survival probability is very accurate. However, the
estimation for 97.7% is well below the desigiN®urve. This is because the 50% value is much larger,
around 1-1§ and so taninimize the total sum of difference of squares, the solver in Excel will prioritize
that difference over the smaller 97.7% value, which is around.ZChanging the optimizing function to

be the relative difference of squares, we get the result shaiglre 4.3.

1000

—f— 50% survival
probability

- §7. 7% survival
probability

®  Reference (516-06
and AASHTO)
\ CategoryD

[y
(=]
=1

Stressrange, F.,, MPa

10
10° 10° 107 108

Number of stress cycles, N

Figure4.3: SN plot, Category D calibration
We now see the reverse problem, where the 97.7% estimatibis @iccurate, but the 50% estimation is
too high. Averaging the transitigogrobabilities obtained using the two methods described earlier gives us
a result that balances the importance of both points, as shown in Figure 4.4.
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Figure4.4: SN plot, Category D calibration
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Repeatinghiis process for all of the detail categories and for both the five and ten CS Markov chain
models, we get the results presented in TableNbte that the transition probabilities for each CS are the

same, since a uniform Markov chain is assumed, soarmyalue is reported in the table.

Table4.4: Transition probability calibration using-8! plots

Category: | 5CS 10CS SR DSL
A 0.0468 | 0.1710 | 165 9.12E+06
B 0.0616 | 0.2144 | 110 1.48E+07
Bl 0.0746 | 0.2640 | 83 1.75E+07
C 0.0804 | 0.2636 | 69 2.19E-07
C1 0.0815 | 0.2594 | 83 1.26E+07
0.0690 | 0.2295 | 48 3.26E+07
E 0.0697 | 0.2355 |31 6.06E+07
El 0.0665 | 0.2096 | 18 1.10E+08

In Table 4.4, SR is the stress range for which the calibration was performed (taken as equal to the CAFL
for all detail categories), and DSL is the design service life. For this calibration exercise, good results
were achieved by assuming a 100 year setifie with the number of cycles per year set so that the

number of cycles at the end of the DSL would be equal to the number of &Ycssociated with the

CAFL for the 97.7% survival probability curve, multiplied by five.

In order to draw the rest of theNscurve, the relationships between the transition probabilities and SR
and DSL are required. Equation (4.3) [Walbridge et al, 2012] shows the relationship between the

transition probabilities and thmumber of cycles taflure

q=1-1 )V (4.3)

wheregq; is the new transition probability associated with a ceriaimber of cycled;, qo is the base
transition probability associated with a basenber of cycle®o. The relationship between transition

probabilities and stress range is shown in Equation (4.4) [Lassen, 1991]:

_ 1
(DS, )™ (D A+ @) Q)
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whereq; again is the new transition probability associated with a certain stresqu@ngss the base

transition probability associated with a base stress ra&gend m is the slope of theNscurve. Once a

base transition probability is calibrated for a set stress range and design service life, these two equations
can be used to transldtee transition probabilities to any stress range or design service life, and
essentially draw an-8 curve for a given survival probability using the calibrated Markov chain model.
Using a slopen = 3 for stress ranges above the CAFL and 5 for stressséedmv the CAFLthe SN

curveDet ai | C astillesgated ig Figure 4.tor the 97.7% and 50% survival probabilities.
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Figure4d5: SN pl ot wusing calibrated Markov model , Det ai |

The slopes of the 97.7% line, the daslieetype follow very closely, including the change in slope at the
CAFL. The only difference is the offset that occurred when calibrating. The lack of linearity of the curve
obtained using the Markov model is doeghe choice of the number of cycles per year, which leads to
small errors as the transition probabilities approach zero oRepeating this for all detail categories,

we get a set of -8l curves for a given survival probability, as shown in FigureBogh the 5CS and

10CS graphs show similar results, which model closely the origihat@ves.
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Figure 4.6: SN plots using calibrated Markov chain model, 50% and 97.7% survival probability, 5CS and 10CSmodels

This method of calibration relies solely on 2 points corresponding with the 97.7% arsliBgval

probabilities, and those differ by a single factor. While the approach is relatively simple, the CSs in the
resulting model have no physical meaning (i.e. they are not associated with a measureable parameter). It
should also be recalled that in calibratthg Markov chain, it was simplistically assumed that the initial

weld was perfect, or that there was a 100% probability of it starting in CS1.
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4.2.2 Calibration using SBFM failure data

Using a similar approach to the one described in the previous sedtiankov chain model can be

calibrated using a specific set of failure data, such as fatigue test results from one test series that are
applicable to a very specific specimen size and geometry. To demonstrate this, the probabilistic SBFM
model described in therevious chapter was used to generate an artificial set of failure data. Recall that
this model and the input parameters used in Chapter 3 were calibrated in [Walbridge et al, 2012] using
test data applicable to transverse stiffener welds in mild steeinsens, so the distribution of the number

of cycles to failure obtained using this model is very close to that of the real data set. The result of this
calibration is presented in Tabl e 4IltdhouldbenosS R =

that these are illustrative results for arrexseived (i.e. untreated) weld.

Table4.5: SBFM failure data TPM calibration

Category: | 5CS 10CS SR DSL
C 0.037 0.091 69 2.19E-07
0 )
05 05
= 0.4 .. 04
é ” ——MCCS5 i; > ——MC-CS10
& 02 —8— SBFM-CS5 =02 —8—SBFM-CS510
0.1 01
0 0
0 2 4 6 8 10 0 2 4 6 8 10
Year*10 Year*10
a) 5CS: Probability &ailure b) 10CS: Probability of Failure

Figure 4.7: Comparison of failure probabilities using probabilistic SBFM and calibrated Markov chain models

A comparison of the failure probabilities versus tiofained using the probabilistic SBFM and the
calibrated Markov chain models is presented in Figure 4.7. Looking at this figure, it can be seen that the
5CS and 10CS Markov chain curves follow the general trend of the corresponding probabilistic SBFM
curve but start slower and catch up near the end. This trend is sharper for the 10CG-igadel.7b)

due to the nature of larger Markov chains. Specifically, it takes a minimum of 10 years for the probability
of failure to become nerero with the 10CS nuel, as it is assumed that the weld is perfect to begin with,
and deterioration can only occur in jumps of one CS per year. This causes a very slow start, and so to

compensate the optimization process increases the slope later.
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The Markov chains produceete are again uniform Markov chains, with a single transition probability
for all CSs. As in the previous section, it was assumed that the initial condition is 100% in CS1, as again

the CSs have no physical meaning and this is the simplest a priori assumpt
4.2.3 Calibration using SBFM crack growth data

The SBFM analysis used in the previous section divided the output into two states, either failed or not,
with failure defined by having a crack larger than some critical crack size (half of the plate thaakness

T/2 is the critical crack size assumed in this study). This approach can be refined considerably by dividing
the output into further categories (based on the crack d@mihd defining them as condition states. A
Markov chain can then be calibratedthis data, and instead of a uniform Markov chain, where each
transition probability is the same and has no physical meaning, each transition probability can be
calibrated separately, in order to optimize the ability of the model to predict the evoluti@ncrack

depth, rather than simply the time to failure. To demonstrate this, CS definitions were established for the
5CS and 10CS Markov chain models, as defined in Table 4.6.

Table4.6: Condition state dinitions based on crack length, a

Condition | 5CS upper limit 10CS upper limit
State (mm) (mm)

1 0.25 0.1

2 1.0 0.15

3 25 0.25

4 T/2 0.5

5 failure 1.0

6 - 1.625
7 - 2.5

8 - 3.75

9 - T/2

10 - Failure

The probabilistic SBFM model can then be run to obtain statistics of being in each CS at the end of a

given analysis period-hese resultare presented graphically in Figure 4.8.
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Figure 4.8: SBFM outpufor asreceived transverse stiffener weld (SR = 69 MPa, 219,000 cycles per year)

In Figure 4.8 we can see the movement between CSs. In the beginsied) pbahe initial crack depth
distribution, the weld has the highest probability of being in CS1 vieltbby CS2. As the weld

deteriorates, the probability of residing in CS1 decreases, and the probabilities associated with the other
CSs increase. First the CS2 probability rises slightly, then CS3 and CS4 rise slightly. Near the middle of
the lifespan thenajority of the probability still resides in CS1, but the others have increased, particularly
CS5. Near Year 70 is when the majority of the probability resides in the failure CS for the first time, and
that trend continues until just above 40% of the whhiee failed after 100 years. Note that this is for a
transverse stiffener weld with a stress range of 69MPa and 219,000 cycles per year assumed. A high
stress range and number of cycles was chosen to get probabilities of failure that could be compared. In

actual welds, the probability of failure is expected to be very low.

All previous Markov chain models assumed that the weld started at CS1. However, for this arakysis
detailed initial conditions can be determinsihce we know the statistical disurtion of the initial crack
depth,a;.. Recalling back to Table 3.1, the mean and standard deviat®is@f.15 and 0.045
respectively, with a loggormal distribution.

Given the vector of initial probabilities of being in each CS, the transitionshilitiea in the TPM
associated with each CS can be calibrated in order to minimize the error in the estimated probability of
being in each CS (e.g. the sum of the differences between the probabilistic SBFM and Markov chain

predictions) after various perisaf time within the service (e.g. every 10 years). This was done using the
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5CS and 10CS Markov models for theraseived transverse stiffener weld at SR = 69 MPa and 219,000
cycles per year. The results are summarized in Tatlemd. 48, and comparetb the previous TPM

calibrated

Table4.7: 5CS calibration results for aseceived transverse stiffener weld (SR = 69 MPa, 219,000 cycles per year)

Condition | Initial TPM (crack | TPM (SBFM TPM (S-N
State Probabilities | growth data) | failure data) Det. Cd
1 0.697 0.012 0.037 0.080

2 0.302 0.027 0.037 0.080

3 0.001 0.062 0.037 0.080

4 0.000 0.070 0.037 0.080

Table4.8: 10CS calibration results faasreceived transverse stiffener weld (SR = 69 MPa, 219,000 cycles per year)

Condition | Initial TPM (crack | TPM (SBFM TPM (S-N
State Probabilities | growth data) | failure data) Det. Cd
1 0.049 1E-5 0.091 0.264

2 0.234 0.007 0.091 0.264

3 0.362 0.019 0.091 0.264

4 0.234 0.036 0.091 0.264

5 0.121 0.058 0.091 0.264

6 0.000 0.108 0.091 0.264

7 0.000 0.162 0.091 0.264

8 0.000 0.238 0.091 0.264

9 0.000 0.112 0.091 0.264

Looking at the results in Tablesrand 48, it is difficult to directlycompare the SBFMrack growth
datacalibration to the others, #isis calibration uses different initial CS probabilities. When comparing
the 5CS and 10CS results, the 10CS TPMahlaigher transition probability all cases. This is due to the
fact thatto reach failure the weld must pass through n@ss for the 10CS model.

The results of the calibration to crack growth d#tthe 5CS and 10CS Markov models are shown in
Figures 4.9 and 4.10.
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Figure4.10: 10CSComparison ofcSprobabilities using probabilistic SBFM and calibratédCSMarkov chainmodels

The dark lines with diamond markers in Figures 4.9 and 4.10 are the results obtained using the Markov
chain models, and the grey lines with square markers are the results obtained using the probabilistic
SBFM model. Each linetype, whether solid, dashedptied, corresponds to a different CS. As shown,
this method results in a very close estimation for most CSs. The estimation of CS7 and CS8 in Figure
4.10 does nadppear to be a good,fibut it is important to look at the vertical scale, vihimly goesup

to probability of7%. The error is one percentage point. It is interesting to compare the probability of
failure, or of being in CS5 for the 5CS model and CS10 for the 10CS model, to the previous method,

68



which was calibrated by only minimizing thefdifence in the probability of failure (Figure 4.7).
Comparing the results, it can be seen that a closer fit is achieved by minimizing the difference in all the

condition states using the last method described.

There have been three methods presentedafifirating a Markov chain to fatigue data. The first

involves using two points on theNsgraphs, the 50% and 97.7% survival probability points. The last two
methods involve data from SBFM, one from failure data, and onedrack growthdata divided into
condition states. It is difficult to compare these methods against each other, as the one calibidted to S
curves will perform better on ani$ plot than one calibrated to SBFM failure data, and vice versa.
Graphingthesecan still be useful, but not #se only method of comparisonherefore a different

method is required fax nonrbiasedcomparison

4.3 Life cycle cost analysis (LCCAsing Markov chain models

The end goal is to use the Markov chains to calculate life cycle costs of maintenance sirabedérs

make the optimal choic@his section will present a framework to calculate these life cycle costs,

including a discussion on sample maintenance actions and costs, and how these can be combined to form
maintenance strategi€khis process will the be used to compare the three different methods of

calibration developed in the previous chapteian unbiased method of comparidoapiration for the

LCCA process is drawn from [Walbridge et al., 2012], wldtdo uses$atigue Markov chaingo model

life cycle costs. Thpaper used four maintenance strategies, as follows:

S0: base case, no inspection (MPI), repair (gouging and rewelding), or needle peening

S1: needle peening after 20 years of service loading

S2: inspection, repair (if needed), anddiegeening after 20 years of service loading

S3: inspection, repair, and needle peening as needed after every 20 years of service loading

Needle peening ia preventative treatment which increases the life of the weld as discussed in Section
2.5. Inspectin is the process of determining if there are cracks in the weld using detection techniques
such as Magnetic Particle Inspection (MPI), and repair is performing gouging and rewelding to remove
the crack. Inspection and repair are modelled separatelypeciion is a set cost, whereas repair cost is

dependant on how many are performed.

[Walbridge et al., 2012)sed seven loading conditions, varying the applied stress range (SR) and design

service life (DSL) shown in Table &.
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Table4.9: Loading case properties

Loading | Stress Range | Design Service
Case: (MPa) Life (cycles/year)
LC1 84 10

LC2 120 10

LC3 43 10

LC4 60 10

LC5 84 10

LC6 30 1¢°

LC7 43 10°

The loading conditions were chosen to cover a wide range of possible highway bridge loading histories.

A large part of comparing maintenance strategies is the ratios between inspection, treatment, repair and
replacement costs. These amounts vary widedgd@an matdals, access, equipment, labour, aadfic,

among many other factors, and so it is difficult to choose values that will be applicable to all scenarios. In
generalthe cost will increase in the order listed abdk@n inspection to replaceme and so in an effort

to minimize the number of variables it was assumed that the costs increased by a factor from one to the
other. A user can look at their own costs, determine what their factor between respective categories is, and

interpolate betweethe results presented to determine what the optimal maintenance strategy for their

bridge is.

The three chosen cost factors and the appropriate costs are shown ih.Itable

Table4.10: Cost factors

Cost Fector | 1 3 10
Inspection | $1 $1 | 51
Treatment | $1 $3 | $10
Repair $1 $9 | $100
Replacement| $1 $27| $1000

The calibrated transition probabilities are used to set up a Markov chain, and probabilities of being in

each condition state are modelled for 100 iterations to represent a 100 year life. The transition

70




probabilifes are modified usingquations (4.3) an(4.4)to account for different stress ranges and design

service lives according to the different loading cases.

Each year the previous probabilities are multiplied by the TPM to obtain the new probabilities of residing

in eachCS. In addition to this, thre are three calculations that can occur in every year.
Replacement

The first calculation, which occurs in each yesreplacement. This is when an elemfails and
replacement is requiredhe cost is calculated by multiplying the probability of beimthe lasiCS or
failure, by the replacement costhus only a fraction of the total replacement cost is applied each year.
This is then assumed to be replaced by ani&e& piece with the same initial probabilities of defects. To
achieve this, the pbability of failure is multiplied by the initial conditionand returned to CS1, CS2,

etc

Repair

The second calculation is inspection and repair, which occurs when specified by the mairsizatagye

(eg for maintenance strategy [SO; S1; S2; andr8B4ir occurs [never; never; at year 20; and at year 20,
40, 60, and 80], respectivg\Repair is assumed to be grinding anavedding the weld at the location of

a detected crack, and is then treated as an original weld with the same vector obidiiddres. Repair

can only occur with an inspection which detects a crack. There are many types of inspection techniques
for welds, for this thesisspection will be modelled with probabilities associated with Magnetic Particle
Inspection (MPI). Accordingp [Lassen, 1991], the probability of detecti®s, can be definedsing

Equation (4.5).

R=R @ EXR g ta @) (4.5)

WherePy is the probabilityof detection for a large crachs is the smallest detectable crack siaedais

the current crack siz€&or a giverCs the value foa is the average between the maximum and minimum
crack sizesValues ofPy = 0.9, = 1mm, ando = 1 are suggested for magnetic particle inspection
[Lassen, 1991]
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The following example will dematrate how repair is modelled. Tabl@ ¥shows the initial conditions
of a sample weld, and after 20 years of deterioration the probabilities of residing &achevenly
distributed at 0.2

Table4.11: Markov Chain repair example

CS1 [CS2 |[CS3 |CS4 | CS5
Initial Conditions 08 |0.2 0 0 0
é
Year 20 02 |02 02 |0.2 0.2

Calculating the changes due to inspection and repat$drand CShas no effegtas the probability of
detection is 0. Inspection and repair performe@&ihree is 47.5% effectivesing Equation (4.5) and
CS definitions from Table 4,&nd so the probability of a weld remainingd83 is 0.21 (0.210.475) =
0.105. The remaining probability, 0.095, is divided betw@&8d and CS2s per the initial conditions,
80% and 20% respectively, and added to those probabilities. The resultant probabiliti€&Sefadier

considering the effect of inspectiondarepair ofCS3 isshown in Tablet.12.

Table4.12: Markov chain repair example

CS 1 2 3
Probability | 0.276 0.219 0.105 0.2 0.2

Note that the sum of allSs still adds to one. We can repeat this procesS & and CS5with
probabilities of detection of 0.899 and 0.9 respectively accordiBguation(4.5), and we get the final
CSprobabilitiesin Table4.13.

Table4.13: Markov chain repair example

CS 1 2 3 4 5
Probability | 0.564 0.291 0.105 0.0202 | 0.020

These are th€Sprobabilities which are used for further calculations. To calculate the probabilities

associated with year 21, this vector is multiplied by the transition probability matrix.
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The costs associated with repair are the sum of all probabilities moved iedlbplthe inspection and
repair cost specified according to Tall#0. The sum of all probabilities moved is the sum of products of

the probabilityof detectiormultiplied by the probabilityn eachCS, asdescribed irEquation ¢.6):

5
COSkepqi = (INSpection+Repain® PRg P (4.6)

i=1

WherePDcs;is the probability of detection @&Si, andP; is the probability of residing i€Si.

For the example above, using an inspection cost of $1 and a repair cost of $9, the cost associated with
repair woul d+(bOe 8(909 (487.50 . A2 )(0..22)9) = $4.58 Thik 505t isAlealylnot
to be taken on its own, but rather used as comparison to other strategies.

Treatment

The third possible calculation is treatment. For this paper treatment is assumed wdpew@Eng, as

outlined in Sectior2.5. Needle peening introduces compressive residual stresses into the weld toe area,
which can reduce or completely stop crack growth. The data for treatment is taken from [Walbridge et al,
2012], in which a transitionrpbability matrix is developed from treated weld specimens. These
specimens were tested in laboratory settings to failure, and the number of cycles reported. The TPM for

treated welds is shown in Tabld4:

Table4.14: TPM for treated welds

g;::ition 5CS 10CS
1 1E12 2.91E06
2 3.43E03 | 5.34E05
3 Same 1.19E06
4 Same 7.24E04
5 5.85E02
6 Same
7 Same
8 Same
9 Same
m: 5.125 3.352
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The smaller crack sizes are affected by needle peening, and so have a different transition probability.
However, needle peening only acts up to a certain depth, 1 mm, and so any probability beyond that
remains unchanged from the untreated TPM. Rememb€abig4.6, the 1 mm depth corresponds to the
end of CS2for 5CS andCS5 for 10CS.

During years in which treatment is specified, the transition probability matrix used is changed from the
untreated weld to the treated wedohd a ondime cost of treatmens applied according to Tableld.
This change is constant for all years after the treatment year.

Using the maintenance actions describedrabwith the costs described imfle 4.10, a cost per year of
maintaining the bridge can be calculated. Thitén converted to a Net Present Value, using Equation

(4.7).

NPV(i, N) = a (15 y (4.7)

WhereNPV(i,N)is the net present value Nfyears at discount rate pfandR; is the total cost for yedr
These calculations are then summed for all years.

Using the loading cases and maintenance strategies described above, which use different combinations of
replacement, repair and treatmdfigure 4.11 is developed, as presenteiValbridge et al., 2012]
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Figure 4.11: Life cycle cost comparison [Walbridge et al, 2012]

These figures can be used to determine what the optimal maintenance strategy is, the-eftesttoaest

way to spend limited maintenance budget funds. The vertical scale is the life cycle cost after 100 years.
The horizontal scale is divided into the seveading histories, shown in Tabl®, and then divided

further into he four maintenance strategigbe three figures are differeratiosfor the costs of

inspection, treatment, repair and replacement, the cost factors being 1, 3, and 10.

As shown inFigure4.11(@@), when the costs of repair and treatment are low, the cost increases drastically
for maintenance strategies which involve more repair and treatment, and the cost of doing nothing is
almost zero. As the cost factor rises to 3, for most olioidding cases the trend is still the same, with the
cost of doing nothing the cheapest and the strategies involving more repair and tre@imesxpensive
However, for loading cases with higher stress ranges and design service lives this trend is almos
reversed, with the cost of doing nothing now the highest, and the costs of the remaining three options,
which all include treatment, being about equal. As the cost factor rises to 10, the cost of doing nothing
increases significantly, and becomes thetragpensive option in most cases, with the maintenance
strategies decreasing in cost from there. This is due to the higher cost of replacement, it becomes cost
effective to spendomemoney on treatment and inspection in order to reduce the probabilijuoé

andcostlyreplacement.
4.4 Comparison of Markov models calibrated using different approaches

There have been three calibration methods discussed in this chapter, calimiag@iN curvesusing
SBFM failure data, andsing SBFM crack growth dat&ihere have been four methods for graphing and
comparing calibration methods discussed in this chapter;-dhewBves, probability of failure according

to SBFM, probabilities of being in ea@Saccording to SBFM, andCCA. Two of those, probability of
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failure according to SBFM and probability of being in e@$according to SBFM, can be represented
by one series of graphBhis section will now compare the methods of calibration using the graphing

methods developed.

4.4.1 5 Condition state model

The followingseries of figuregFigures 4.12, 4.13, 4.14pmpare the three different calibration methods,
using the three graphing and comparing methods, for the five condition state model. Note that these are

all for detail category C.

Calibration to S-N curves
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Figure 4.12: 5CS Calibration comparison using desigiN®&urves

According to Figure 42(a), SN curve fit is good, however, this was expected, as this method was

calibrated to the 8! curve. The fit to the other two methoésgures4.12(b) and 412(c), using Monte

Carlo SBFM, is poarRecall that perfect fit would be no difference between the black and grey lines of

a single linetype, any deviation from this is a worseJ@#1rapidly decreases to almost zero by year 50
compareda 35% for SBFM results, and shows an almost 100% chance of failure at the end of the life,
compared to 40% for SBFM. Ti&Ssin betweerare also not accurate. For the final method, comparing

LCCA at 100 years, there are also significant differenglegwnin Figure 412(d), 4.12(e), and 412(f).

These graphs are set up in a similar manner to Figlitewith the original values graphed in the same

shades. The new values are graphed right beside the columns they are being compared to, and are hatched
withas ol i d di agonal bl acknpatoer mewand&dolrabdalel edswi
of the costs are similar, however, some are significantly off, which is more dangerous. If all costs are off

by a similar amount, then the optimal mairgece strategy, the one with the lowest relative cost, is still

the same, and therefore the analysis is still legitimate. However, for some of them, loading case 2, 5, and

7 in particular, the optimal maintenance strategy has changed. The relative dbhbsfrisen above the

cost of S1, and so changes what the engineer would choose as the rreffécibat maintenance

strategy. For the graph with the cost factor of 3, not only are the values significantly different, often by a
factor of two or three, liuhe order has also changed, which means a different optimal maintenance
strategy. In particular loading cases 2, 4 and 6 have had their relative costs reversed. For the load factor of
10, the costs have increased significantly, by a factor of up t@ X0ueh that it is difficult to tell how

the trend has changed. What has changed is the relative costs between loading cases; originally loading
case 2 and 4 were approximately equal, but this method predicts that loading case 2 is now twice as

expensive akading case 4.
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Despite the benefits of simpler analysis and ease of computation, as SBFM is not even thquired

calibration of the transition probability matrix teNscurves performs poorly on the other graphs.

Calibration using SBFM failure data
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Figure 4.13: 5CS Calibration comparison using SBFM failure data
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As shown in Figure 43(@), the SN plot is not perfect, the 97.7% line is very close, but the 50% line is
significantly off. Note however that the distance between tladitwes is about the same as the previous
method, therefore the error fraralibration to design-8l curves is a property of Markov chains, as
opposed to an error in calibration. The graphs comparing to SBFM condition) Btgtess 413(b) and

4.13(c), are much closer than the previous method, but this is expected as this was calitB&teMto

failure data They are still not a great fit however, particularity @81, which is supposed to be at around
30% at the end of the life, but this model shows&lb®o. The next graphBjgures 413(d) through

4.13(f), comparing life cycle costs, are again better than the calibratioiNtousves. The graph for a

cost factor of 1 is much closer, particularly with respect to relative amounts. Both the origihadugdap

the new one show the same optimal maintenance strategy, and the values are similar. However, in the
graph for the cost factor of 3, we see the problem previously mentioned, where the new model has a
different optimal choice, particularly for load es2, 4, and 6. The relative values for maintenance
strategies S1, S2 and S3 appear to be similar; it is only SO which rises at a rate not relative to the others.
For the last graph, the relative rates are the same again, with both methods predicsingg tbptisnal

strategy, and the relative rates between loading cases is about the same.

Adding complexity to the Markov chain calibration has improved the results, however they are still not
acceptably close. It is unclear if the benefit gained from ineckascuracy of prediction is worth the

extra computational time and effort required.

Calibration using SBFM crack growth data
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Figure4.14: 5CS Calibration comparison using SBFM crack growth data

A note on Figure 44(), this method of calibration allowsi the SN curve to be drawn at much higher
stress levels due to tim@n-uniform TPM, as some of them can still predict after others have reached 1.0.
The slight deviation at high stress levels shown in the graph is due to the fact that above 150 MPa half
the transition probabilities have reached 1.0 and are no longer predicting correctly. Aside from that, the
97.7% line on the 8l curve is very accurate, staying on the line until very high stress ranges. However,
the 50% line is off, with an even widspread than before. The SBFM conditions state cuskesvn in
Figures 414(b) and 414(c), are very accurate, with very little difference. This was expected, as that was
the method of calibration performddis interesting to note that calibrating all condition states results in
a more accurate fit of the failu@Sthan simply calibrating to the failu@S, as performed in the

previous method. The final method of comparison, the life cycle cost, is @sg accurate fit. The

relative amounts are the same, so both methaigbithe same optimal strategy, ahd absolute values

are very similar. Note that to compare these graphs, the initial conditions for the Markov chain were
changed to match that tife [Walbridge et al2013 paper, [0.968, 0.032, 0, 0, 0].
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The calibration to SBFMrack growth datperforms the best on two of the three comparison methods,

for the SBFMCSresults and for theCCA. For the final method,-8l curves, this method hasrary

accurate 97.7% line, and can predict to very high stress ranges, but the gap between the 97.7% and 50%
curve lines is slightly larger than the other two methods. Therefore increasing the complexity of the
Markov chain calibration results in a signdittly more accurate model, and is wotth extra

computational effortThis is partially due to the calibration to complex SBFM as opposed to siaiple S
curves, and also due to the use of transition probability matrices with different values as opposed to
uniformvalue. This allows for more precise measurements of €adywhich in turn results in more

precise measurements of fail(&s.

4.4.2 10 Condition state Markov chain

This next section performs the same analysis as aboviasbedidusing ten codition states as opposed
to five. It can then be determined if the increasing complexity of the Markov chain has any effect on the

accuracy of the model.

Calibration using design SN curves
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Figure 4.15: 10CS Calibration comparison using desigiN®urves

As expected, and similar to the five condition state model, #dee&vefit, shown in Figure 4.5@), is
good, although does not go to vérigh stress ranges. However, the fit to SBFM condition stakesvn
in Figures 415(b)through 415(¢), is very poor; all of th&€Ss peak very early before moving to the next
one. The failureCSs reaches above 90% probability by year 50, and stays at@@%rfrom then on,
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compared to about 40% failure at the end of the life as predicted by SBFM. The third comparison method,
total life cycle cost at 100 yeashown in Figures 45() through 415(), is also very poor. The graph of

a cost factor of 1 hasignificant variation between the original values and the new values. For loading

case 2, 5, and 7, the optimal maintenance strategy suggested is different. For loading case 2, the lowest
cost suggested by the original method, SO, is actually the mostsaxpas shown by the new method.

The next cost factor, 3, also has significant variation, so much that it is difficult to tell how much

variation. The vertical axis scale has changed from a maxim&20ah the original graph t$120 here.

The last costactor, 10, is such a bad fit that the original values are barely visible, with the vertical axis
changing fron800 to$5000.

Similarly to the 5CS, the calibration of the transition probability matrix-kb &irves performs poorly on

the other graphsind therefore is not a very viable option.

Calibration using SBFM failure data
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Figure4.16: 10CS Calibration comparison using SBFM failure data

The SN plot, shown in Figure 46(@), is not very accurate, with both the 97.7% and the 50% lines off

from the reference marks. However, the gap between the two is much closer than the previous method.
The SBFM conditions state graphs are also not very accurate, with a very obvious psiaiksiiatough

the CSsuntil it all collects in the failur€€S. None of the earl€Ss have the same shape, u@i#10. The

final method of comparison, life cycle cost comparison, show a closer fit than the previous method. The
cost ratio ofl predicts thesame optimal maintenance strategy as the original method, although the
relative cost of SO has risen significantly more than the others. The graph of the cost ratio of 3, however,
shows a different optimal maintenance strategy than the original, paffidolaioading cases 2, 4 and 6,

but for the other loading cases the costs seem to change by the same relativeTdradatal costs are

also still significantly off For the final loading factor of 10, the fit is still not vepse however, the

relaive change in costs are constant, and both methods predict the same optimal maintenance strategy.
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Despite the increased complexity over the calibration of tNec8rve by using SBFM, there is little

improvement in the results, particularly for the congaar against SBFM. The life cycle cost comparison

is better, with results not as significandifferentas the previous method, although thN Surve fit is

worse.

Calibration using SBFM crack growth data
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Figure4.17: 10CSCalibration comparison using SBFM crack growth data

The calibration to SBFMrack growth dataesults in a very accurate 97.7%NSurve, particularly for

the reference poinhowever the gap between the 97.7% and 50% curve is larger than the other two
methods. As noted before, theNSurves can be drawn at much higher stress levels due to some of the
transition probabilities reaching 1.0 later. The SBEBIcurves are very accate again, and again it is
interesting to note that the calibration of @ results in a closer fit for the failure probability than just
calibrating to the failur€S. For the life cycle cost, however, the Markov model predicts significantly
lower coss. Note that as with the 5CS model, the initial probabilities have been modified to the 10CS
equivalent of [0.968, 0.032, 0, 0, 0] to match the [Walbridge, Cdl3 paper.

The cause of this difference is dealing with very small probabilities of modembtarkov chains.
Returning back to the origin@Ss to compare the 5CS and 10CS as they were both calibrated from the
same set of data, Figudel8 shows the probability of failure for both five condition states (5CS) and ten

condition states (10CS) ftwading case 7, treatment strategy SO.
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Figure 4.18: Probability of failure (end condition state)

As shown, both models rise to about the same result, around 0.22, but while the 5CS converges and stays
corstant, the 10CS decreases. This decrease in probability of failure is what caused the difference in cost
for the life cycle cost comparison graphs. This decreasing trend continues, shown il BRjaver

2000 yeas.
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Figure 4.19: Probability of failure (end condition state), 2000 years

Markov chains modelling replacement action eventually converge on steady values, as shown in the 5CS
model above. The 10CS model does not converge within a reasdonabdlframe, with the probability of

failure steadily decreasing over time. This decrease is because the probability of $dgdnperfect,

is rising to near 100% over the two thousand years. The reason for this is the probability of moving from
CSlinto CS2 is very small, 0.00327%, compared to 55.5% moving from CS8 to CS9. This is a result of
the low value from the calibration which is then modified by the higher stress range. This is normally not

an issue as the initial condition specifies thay@®% starts in CS1. However, to model the replacement
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action, which occurs every year, it is assumed that the element returns to initial conditions, and so 4.9% of
the failed elements returns to CS1. This probability then has a very low chance of dawintp CS2,

and so over the years this accumulates as failed elements are replaced.

This is not realistic, as continual replacement of welded elements will not eventually result in a weld
which never fails. It is also not a valid Markov model for a 168rytime period, as the probabilities of
residing in condition states do not converge. Therefore the first two probabilities of movement can be
slightly modified until the pbability of failure converges, as shown in Table 4.15.

Table4.15: 10CS modified initial conditions

Original | Modified
gl | 0.00001 |0.01

g2 | 0.007 0.03

g3 | 0.017 Same
g4 | 0.036 Same
g5 | 0.058 Same
g6 | 0.108 Same
q7 | 0.162 Same
g8 | 0.238 Same
q9 | 0.112 Same

The comparison graph between the 5CS and 10CS for probabilities of failure is now shown in Figure
4.20.
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Figure 4.20: Probability of failure (end condition state) after modificatiorirdfial probabilities

This is now a much better fit. Using the equivalent initial conditions from [Walbridge et al] of [0.968,

0.032, 0, 0, 0], we get the life cycle cost comparsumwn in Figure £1.
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Figure 4.21: SBFMcrack growth data calibrationlife cycle costs after initial condition modification
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This is closer than before, but the 10CS model still produces a lower estimate. The reason they are
different now, with slightly lower cost indicated for the 10CS, istdue nature of larger condition state
models. Due to the fact that probabilities can only move one condition state at a time it simply takes
longer for them to move from perfect to failure. This is shown by the slight offset in the lines in Figure
4.21from years 5 to about Idomparing the 5Cs and 10CS modéelis problem is exacerbated when
repair actions are introduced, as they often happen during this criB0ayé&ar period. Figuré.22 shows
the probability of failure for maintenance strategyepair and treatment every 20 years.
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Figure 4.22: Probability of failure (end condition state), equivalent initial conditions as per [Walbridge et al], maintenance
strategy S3

Therepair at year 20 cuthe 5CS at near the peak of its probability of failure, whereas the 10CS is cut
off about half way due to the lag. This creates a significant difference in the total cost, which is not a
problem due to the modelling, simply a characteristic of larger Matkains. This is shown by graphing

the cumulative cosshown in Figure 4.23

90



250

[l
(=]
o

=
w
o

o—10CS

[y
(=)
o

— 5

Net Present Value ()

50

0 20 40 60 80 100

Year

Figure4.23: Cumulative net present value, maintenance strategy 3

The difference in cost occurs during yeat3% after whickthe difference stays level. Therefore this is
why the comparison between 10CS and 5CS life cycle costs are different.

4.4.3 Discussion

In general, each of the calibrated methods performed the best on the graph for which they were calibrated
from, which was exgcted. The curves from theNscalibration matched the closest, and the condition

states calibrated to SBFM output matched the best to the SBFM results. The exception to this was the
Markov chain calibrated to SBFM failure data; the Markov chain calibtat&@FMcrack growth data
performed better in that case. The differeaceurswhen each method was graphed against the other
calibration data, the SBFRrack growth dataalibration performed adequately on th&lSurves: the

97.7% line was a very clo$i, only the 50% line was off by a small amount. However, tié Girve

calibrated data performed very poorly when compared to SBFM condition state prolsabilitie

The new method of checking the calibration accuracy, life cycle cost analysis, was anded¢pe
method of comparing the calibration methods, and there was a clear trerakfigmS-N to SBFM
failure toSBFM crack growth datan terms of increasing accuracy. The more complex the calibration
process, the more accurate the results were. Not only didXheaBbration and calibration to SBFM
failure data have different absolute values, but they also often predicted othet o@tintanance

strategies, which would lead to roptimal use of funds. The calibration to SBEKack growth data

91



resulted in a close fit, and with some tweaking resulted in a near exact fit. This also speaks to the
flexibility of non-uniform Markov chaingnd their ease of maodification. The 5CS model matches very
well with the graphs from [Walbridge et, @013 once the initial conditions are modified to match that of
the paper. The 10CS model does not match as well when using the equivalent inittedreofrdim

[Walbridge et g12013, which was due to very small probabilities of movement in the Markov chain.
Once this was fixed the 10CS model match was closer, but still not exact. This was due to the nature of
larger Markov chains, as it simply takesger for the probabilities to move down condition states simply
dueto the superior number of CSEhe relative values were still the same, and all models predicted the

same optimal maintenance strategy.

Despite the 5CS and 10CS Markov models retursiigitly different absolute values, the relative change
was the same for all maintenance strategies, and the optimal ones were the same predicted by both.
Therefore both models are equivalent for predicting life cycle costs, however it is importanii@ not
compare them directly, as the differences in the Markov chains result in slightly different absolute values.

4.5 Local stress approach

The calibration process described in the previous seatilynapplies for Category C welds, which while
useful doesot apply to all welds. Therefore a method of transforming between different detail categories
is requiredThis section will discuss the local stress approach, which relates different detail categories by

a stress concentration factor (SCF).

It is assumedhat from a fatigue standpoint the only difference between various detail categories is the
SCF, which relates the global or nominal stress to the higher local stress due to the change in geometry.
This factor is calculated by comparing the stress rangh@SN curve at a set number of cyclasth

the data coming from Tab#e1.Equation(4.1) was then used to determine the stress at 1E6 cycles. The
SCF for Detail Category A was used as the reference, and so was set as 1, with the remaining SCFs a

factor of that numberTable 4.16howsthe stress concentrations used.
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Table4.16: Stress concentration factors

Detall Fatigue life | CAFL | Stress Range at

Category|c o n st a| point | 1E6 cycles (Mpa)| SCF
A 8.19E+12 165 202 1.00
B 3.93E+12 110 158 1.28
C 1.44E+12 69 113 1.79
D 7.21E+11 48 90 2.25
E 3.61E+11 31 71 2.83

Next, the transition probabilities calculated in section 4.3 were modified to shift from Category C to A, so
that the SCFs ifiable4.16 could be used. To do this, a reference number of cycles was chosen, 2 million
used, and the stress range associated for detail category A was calculated, 159.9 MPa. Ness, the st
range associated with theakkov chain at 2 million cycles was calculatedth the ratio of the two

calculated. This ratio was then usedEmuation (4.8)taken from [Lassen 1991]:

) 1
(o5, ) (0 (1va)a) -

Wheregoi s t he transition pr obaé8§,ahdinisthe SNaurve slopa.leof er enc e
this case, the nominal stresp § was replaced with the rati& (C F 4.cg®m there, the transition
probabilities for each detail category were calculated also &sjngtion(4.8). The resultant transition

probabilities aresshown inTable 4.17

Table4.17: Transition probabilities after applying SCF

Det. Cat. | A B C D E

SCF 1.000 |1.277 1.785 2.248 2.831
DSO 165 110 69 48 31

m 3 3 3 3 3

ql 0.0209 | 0.0129 0.0087 0.0058 0.0031
q2 0.0469 | 0.0290 0.0195 0.0131 0.0071
q3 0.1078 | 0.0665 0.0448 0.0301 0.0162
g4 0.1217 | 0.0751 0.0506 0.0340 0.0183
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Note that the transition probabilities for Detail Category C are not the same as the ones used for the initial
calibration. This is due to the initial laboratory results on which the SBFM code was calibrated to, which

transverse stiffeners that was supgbset o r epr es ent -80 dBtaltAnalySissottheteétCo6 or

data suggested that the tested detail had a sl igh
in Table4.17. Specifically, the SCF for this detail, based on a comparistnwit he Det . Cat . O0A
curve was calculated to be 2.223, placing it some

[Ghahremani, Walbridge, & Topper 2Q15CFs for the tested stiffener detail are obtained using finite
element (FE) analysis, and SCHidigions based on the structural and notch stress fatigue design

methods frequently discussed in the literature on weld fatigue. According to this analysis, the SCF for this
detail was found to be 1.35 for use with the structural stress method andr2i8& with the notch stress
method. The SCF based on the comparison of the desibouBves presented herein falls in the middle

of this range.

A similar process can be used on the treated probabilities aswitieltesults shown ifable 4.18

Table4.18: Treated transition probabilities after applying SCF

Det. Cat. |A B C D E
oS (MPa) [165 |110 |69 48 31
m 50 |50 |50 |50 |50
G 0.0001 [0.0001 [0.0000 |0.0000 |0.0000
% 0.01000.0045 | 0.0023 [0.0012 [0.0004

The remaining transition probabilities; @and g, are the same as the untreated probabilities.

These transition probabilities were then used to prodide®ves shown in Figure 4.24verlaidon

original SN curves:
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Figure4.24: SN curves, applying SCF

As shown, the curves fit very closely with the original results, and therefore the method of using stress
concentration factors to relate the transition probabilities of detail category Markov chamesdther is
valid. The calibrated Markov chains calculate&gttion 42 therefore can be applied to a wide range of
welds.

4.6 Consideration of corrosion effects

Typical BMSslook at the deterioration of each elemenich as fatigueén isolation. However, this is

often not the case, as the bridge is one complete structure, and often the deterioration of elements affects
how others behave. For example, the corrosion of girders has been shown to affect the fatigue life of the
structure As corrosion occurs, loss of thickness increases local stresses, which decreases fatigue life.
Corrosion is also very uneven, and causes pits and ruts, which in turn cause stress concentrations, which
also decreases fatigue life. When considering maamtes strategies, it is therefore important to consider

how an action, or inaction, will affect the deterioration for other elements. Painting steel girders will
decrease maintenance requirements due to corrosion, but the additional benefit of decigased fat

maintenance requirements must also be considered.
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4.6.1 Modelling interactions

The procedure for considering correlatddrkov chains is discussed in [Cesare et al, 1992]. It defines an
elementA, for example fatigue, which is affected by the conditibaroelemenB, or corrosion. At a
simple level B is defined as being either in a good or a bad state. For a 5 conditiod at&tey chain,
good could be defined as condition states 1 through 3, with 4 and 5 defined as bad. The prodability of
being good, therefore, is
Pgood= B1+B2+B3
4.8)
Pbad= B4+Bs
WhereB; is the probability of & element being in th&' condition state. Two transition probability
matrices forA are required, one for whidBiis in a good state, defined Aso4 andone for whichB is in

a bad state, ohwae. The transition probability matrix to be used fors therefore:

Ta= TA,goodianood + TA,badAPbad (49)

This procedure can be extended to having 5 levels of good and bad, one corresponding to each condition

state ofB.

4.6.2 Corrosion deterioration modelling

Atmospheric corrosion is a process by which the iron in steel oxidises to progufisucera & Mattson,
1987][Uhlig & Revie 1985[Schweitzer 1989. This requires both oxygen aadsource of moisture to

act, and if left unchecked can deteriorate a steel section completely. The source of water can come from a
variety of sourcemcluding rain, dew, fog, snow and does not require direct precipitation, but can also

reach the steel via capillary action, pores and cracks. There are other substances which can increase the
rate of corrosion, such as salts either from salting trucks for ice control or exposuagni® m

environments, or from pollution in the air, particularly sulfur dioxide from fossil fuels.

There have been many studies performed on rates of corrosion, ranging in steel types, environments,
durations, treatments, and other factors. [Albrecht &,128I03] have provided a summary of many of
these studies. The paper divides the results into three environnueaksindustrial and marine in order

of increasing corrosion tes, and several types of stazlrbon steel, copper steel, and different sypke

weathering steel, including A558 and A242 kt&@me of the figures are shown here in Figure:4.25
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Figure 4.25: Corrosion rates, loss per surface over time. [Albrecht & Hall, 2003]

97



The figures are ordeddrom rural, industrial and marine from top to bottom, and weath&ingrbon

steel from left to right. Each of the data lines correspontiseteesults from atudy performed, the grey

shaded area is the medium corrosivity band according to ISO slddizd.The vertical axis is loss per

surface in mm, and horizontal axis is tirfidere are two trends, the first as the atmosphere contains more
pollutants and salts, the rate of corrosion increases. The second trend is as the steel contains corrosion
retardant agents, such as copper, chromium, manganese, nickel, and other elements, the rate of corrosion
decreases. Given the wide range it is difficult to determine one model to represent all studies for one steel
within one environment, and so an avera@s whosen for calibration. For less severe environments or

for steel with higher resistances the spread was significantly less, but at higher corrosion rates the average
became less accurate of all studies.

A Markov chain was then calibrated to these ages for the three environments and two steels, using a
similar process to the calibration to SBFM failure data, with the full process desoridlbridgeet al
2013. These chains can then be used to predict corrosion based on a certain typénch seetific
environment. These corrosion Markov chains included the opportunity to modebansion paints, and
soCS1 and CStnodel the deterioration of the paint, and the remaifiig} three through five, modelled
the deterioration of the steal@ to corrosion. Therefore tlealibratedviarkov chainsshown in Table

4.19,0only contain two transition probabilities for the remainifgs.

Table4.19: Corrosion transition probabilities

Steel type Environment | q3 g4

Carbon Marine 0.0270 | 0.1174
A242 Weathering| Marine 0.0124 | 0.0652
Carbon Industrial 0.0045 | 0.0313
A242 Weathering| Industrial 0.0001 | 0.0143
Carbon Rural 0.0000 | 0.0143
A242 Weathering| Rural 0.0001 | 0.0143

4.6.3 Modelling combined effects of fatigue and corrosion

Corrosion has been shown to have an adverse effect on fatigue life, the most striking example is the

collapse of the Mianus River Bridge in Connecticut, in which severe corrosion buildup lead to fatigue
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fracture of a suppopin, resulting in the collapse of a section and the death of 3 people [NTSB, 1984].

The effects of corrosion on fatigue is discussed in [Fisher et al, 1998], starting with corrosion notching.
Corrosion notching often occurs where dirt and debris buili wpeate an active corrosion cell, as this

traps water and prolongs wetness. This can significantly reduce cross section in a localized area, which
can have a fatigue resistance as low as Category E [Fisher et al, 1987][Fisher et al, 1990]. During the
beginning stages of corrosion, pitting of the metal occurs, in which small corrosion pockets occur. This
causes stress concentrations, which often initiate fatigue cracking. During the later stages of casrosion,
corrosion byproduct has a larger volumenttize original steeit can cause packout pressure, in which

the expanding volume pushes plates apart, which can increase local stresses, in particular tension stresses
which cause fatigue cracks to grewenquicker [Fisher et al, 1998].

A study perfomed by [PalinLuc et al, 2010] immersed samples for 600 hours in a salt fog, then cleaned
to remove the oxide layer, revealing many corrosion pits. These were then fatigue tested indjedigh
range, and it was discovered that there was a loss of 720b@/cles, which is attributed to easier

fatigue crack initiation phase due to the corrosion pitere longterm tests have been performed, such as
[Albrech, 1982], which compared specimens with transverse stiffeners for up to 4 years outside. The
weahering process reduced the fatigue life by 62% for Category A, 44% for Category B, and 26% for
Category C. [Albrecht and Cheng, 1983] compares specimens weathered over a four and eight year
period, and found 42% and 54% loss in fatigue life, respectiValy weathering process involved

placing the specimens outdoors in an area described as having above average atmospheric pollution. The
specimens were placed on a 15° slope to avoid water pooling, and experienced abouids2 syeads

over the first thre years of weathering due to rainfall and condensation during humid dawn hours. The
loss in fatigue life was also attributed to rust pitting, which aids in the formation of fatigue cracks. It was
noted that despite the losses in fatigue life, the specimeresstill above the allowable Category C line

due to the high initial fatigue strength, attributed to excellent welds, and the reduction of standard

deviation after weathering.

Other studies have investigated slightly different aspects of corrosidatagk relationships. [Albrecht
and Cheng, 1983] also considered alternating weathering and fatigue testing, to better simulate the
conditions of an operating bridge girder. The specimens were left to weather for three years, and the
alternatively cycledneeighth of the mean life and left to weather for six more months. This resulted in
no significant difference in loss of life when compared to samples exposed to straight three years of

weathering.
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The previous studies have all examined the effectseeativering on fatigue life, which have shown that

rust pitting increases the fatigue crack initiation phase. To investigate the effects of corrosion on the
fatigue crack growth phase, studies have been performed in which the fatigue testing portiomiegerfo

with the sample immersed in a salt water environment as opposed to air. [Yadanzi and Albrecht, 1989]
report that stress cycling a specimen in fresh or salt water increased fatigue crack propagation by a factor
of about two compared to cycling in giAlbrecht and Sidani, 1989] compared weathering steel exposed
eight years to the outdoors in a medium corrosively environment, and reported 23% loss in stress range
when cycled in salt water, compared to 8% loss when cycled in air. This still has anomgaettrack

initiation life, [Novak, 1983] reports a 62% reduction in the initiation phase compared to stress cycling in
salt water as opposed to air.

The weathering process in these studies involved simple exposure to atmospheric conditions. Idwas note
in several of the papers that should the specimens be exposed to salt water, such as runefifrpm de
methods frequently found near bridges, the corrosion rates would be more severe, and therefore the
fatigue life even more adversely affected.

The orrelated Markov chain procedure described in Secti®d 4an now be applied to the correlation
between corrosion and fatigugnree TPM for fatigue deterioration were modelled, one for normal, one
associated witlcS4of corrosion deterioration (1.5mm séction loss), and one f@S50f corrosion
deterioation (2.5mm of section losgkcalling thatCS1andCS2were reserved for protective treatment
modelling, such as paintinghe probabilities of residing in CS3 through CS5 over a hundred year life
spa) were calculated using the Markov chaifst the calculation diatigue deterioratiorthe equivalent
TMP used was the sum of the probability of residinG88of corrosion multiplied by the appropriate
TPM, plus the probability of residing i@S4of carrosion multiplied by the appropriate TPM, plus the
fifth.

There areseveral ways to calculate the new TPM for fatigue relating to some level of corrosion
deteriorationOne such methoid to usethe decrease in fatigue life due to the increase in stesto

loss in cross sectidnom corrosioraccording to the graphs from Figut5 Using cross section

analysis of a typical | girder, assuming plates 25.4 mm thick, and usi@fttefinitions from the

corrosion Markov chains of 1.5mm for CS3 and 2rarfor CS4, the increase in stress is 8.5% and 15.0%

respectively.
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The resultant interaction can also be graphed in a couple of ways. One option is to look at the total cost of
both corrosion and fatiguds both corrosion and fatigue act on the same grtiee replacement cost for

both will be the same. Inspection, treatment, and repair of corrosion are not modelled, simply a
replacement cost, in which the probability of failure is multiplied by the associated cost of failure, and the
girder is assumedtbe repaired to its original state. The total costs, assuming the worst corrosion case

(carbon steel in a marine environmejeshown in Figure 4.26.
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Figure 4.26: Life cycle cost, corrosion + fatigue cost
In these figures, the original graphs are the results from the uncorrelated Markov chain, with the new, or

dashed bars, the results fraonsidering corrosian

All the graphs areimply shifted up by the base corrosion cost, which does not change with the loading
case or the fatigue maintenance strategy. This value is $0.81, $21.9 and $812.5 for the cost factors of 1, 3,
and 10 respectively. We cafsojust look at the cost of fajue, which will change slightly due the

consideration of corrosigishown in Figure 4.27.
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Figure 4.27: life cycle cost, fatigue afteronsideration of correlation with corrosion

Again, the original graphs are the 5@@rkov chain just for fatigue, with the new diagonal line bars the

result from considering the correlation of fatigue as stated above.

As shown, considering corrosion hasimpact on the fatigue life, although small. For the most part the
increase is relative, where all maintenance strategy costs increase by the same amount, except for the load
factor of 3, for loading case 2, 4 and 6, where strategy SO is now more ergbasis1 or more. This

then changes the optimal maintenance strategy, and so is impotansimger

However, the correlation model used above is not complete, it only assumes in increase in stress due to
section loss, when in reality the relationsisipnore complex, There have been many studies performed to
investigate this, with many different resuléssummary of several of these studies is reported in Table
4.20.
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Table4.20: Literature summary oforrelation between corrosion and fatigue

Study Loss in fatigue life | Comments

PalinLuc et al, 2010 74%

Albrech, 1982 62%, 44%26% Category A, B, C, respectively
Novak, 1983 62% loss in initiation phase

Albrecht & Sidani, loss in stresgange, as opposed to
1989 23%, 8% fatigue life

The average of the first three studies is a 54% decrease in fatigue life, the fourth study is not included as it
presents the results as a loss in stress range as opposed to fatigue life. There is no input in the current
Markov models for decrease in fatigue life, therefore an equivalent increase in stress range is calculated.
For example, for loading case one at a SR of 84MPa and DSL at 1,000,000 cycles, a 54% loss results in
540,000 cycles to failure instead. Using faene slope as the plots on thdl §raph, we can determine

the equivalent stress range, which is 105.6MPa which would result in a 54% loss of fatiguedife.

process is shown in Figure 4.28.
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Figure 4.28: Calculation of loss of fatigue life, loading case 1

The bottom right point is the input point for loading case one, at 84MPa &nyclés. The one directly

to the left is the 54% losa number of cyclesand the one above is plotted on the same slgpleearest
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of the SN curves, which is the equivalent stress range that also represents a 54% loss, at 105.6MPa. This
result is assumed to occur at severe corrosion, represen@sbband therefore foES4the associated
stress range is (1.5/2.6)1056-84) + 84 = 97.0MPa. This process is repeated for the remaining loading

caseswith results shown in Table 4.21.

Table4.21: Stress range calculations

Loading | Stress | Design SR at SR at

Case Range | Service Life | corrosion CS3 | corrosion CS4
1 84 1.00E+06 97.0 105.6

2 120 1.00E+06 135.2 145.3

3 43 1.00E+07 48.9 52.8

4 60 1.00E+07 67.8 73.0

5 84 1.00E+07 95.3 102.8

6 30 1.00E+08 33.9 36.5

7 43 1.00E+08 48.9 52.9

The stress range increase for the loading cases ranges between 17% and 20%, which is within the range
reported from the last paper frohable4.20, [Albrecht & Sidani, 1989]

Plotting the correlated fatigue with corrosion we nowpgets shown in Figure 4.29.
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Figure 4.29: Life cycle cost, fatigue plus correlated corrosion, higher corrosion correlation

Slightly more net change than the previous method, but similar conclusions, that most of the changes are
relative, where all costs rise by the same amount, except for some loading cases, in particular loading case
2, 4, and 6 from the cost factor of 3 gnapgain we see the importance of considering corrosion, as it

does change the optimal maintenance strategy.

All these figures have been assuming that corrasionitored that as failure occurs it is replaced.
However, if we assume that corrosiemotmonitored, then we get plots as shown in Figure:4.30
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Figure 4.30: Life cycle cost, fatigue plus correlated corrosion, higher corrosimmelation, no corrosion maintenance
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We can now see a drastic change, with the optimal strategy nhow changing in the cost factor of 1 graph as
well. Note that the vertical axes have been changed to accommodate the increase in some of the costs.
Therefore ot only is it important tanonitor corrosionfor corrosion purposes, but also for fatigue

purposes, as it can drastically increase the fatigue deterioration and cost.

In conclusion, it has been shown that it is possible to model correlated elemenssgasdhcorrosion

and fatigue, as long as there is research available on the interactions. It is important to consider the
correlation, as in some cases the optimal strategy has changed from the original graphs. The models also
allow us to consider otheases, such as neglecting to maintain corrosion deterioration, and the impact on
life cycle costs.
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5.0 Example application

Optimizing maintenance strategies for general situations is difficult due to the large number of variables.
Costs by themselves aztemplicated, with each bridge having different access, inspection,, rapair
replacement cost for each element. In trying to determine an optimal maintenance strategy for all bridges,
perhaps the true lesson in what can be achieved with preventatitemaairtgs missed. Therefore for
thisthesisa theoretical bridgerasdesigned and effects of preventative maintenance studied. In order to

be applicable, the bridgeassimilar to ones seen in Ontario, with inspiration taken from the steel girder
bridgesover the 401 between London and Windsor, specifically the Furnival Rd Bridge.
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Figure5.1:Furnival road underpasgsoogle, 2015]
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5.1 Bridge design

The bridge has 4 spans, the 2 outside spans with a length of ©2.282 the main spans 21.081The
width is 16.8m, divided by 6 girders. The bridge was designed using thediZzendighway Bridge
Design Cod€CSA S6, CHBDC)CSA, 2004. Figure 53 showghe dimensions of the interior girders

Top Flange 375x12 375x15 375x12
Web 825x12 825x12 825x12
Bottom Flange 375x12 375x25 375x12
Stiffener Stiffener Stiffener Stiffener Stiffener Stiffener

0m 3.00 m 6.01 m 9.02 m 12.02 m 15.02 m 18.03 m 21.03 m

Figure5.3: Girder details

The concrete deck was 26tm thick, reinforced with #16 reinforcement bars spaced at200The

loads were calculated using the process outlingdei@HBDC, with shored construction assumed. The
width of 16.8m requirest design lanes. The full results from loading are shown in Fiydrevhere DL

= dead load, SDL = superimposed dead load, Axkelaxle live load, and LaneLL = lane live load.
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Figure5.4: Bridge loads

The dead loads included the settight of all materials, including steel beams, concrete deck,
reinforcement, 75nm thick asphahivearing surface, 10@m thick sidewalk, and concrete barriers. The
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live load inclugtsthe maximum of lane or truck load as per CSA S6 Sect[@83, 2006] and as

shown in Figurés.4, the lane load is larger. These loads were then combined as per CSAISG. T

[CSA, 2006]to achieve the maximum load. The resistances of each section with regards to moment,
shear, and bearing were calculated, and by comparing the ratio of applied load to resistance, a resistance
fraction was obtained. A fraction of one ames that the stresses caused by the applied load meet the
maximum resistance by the girgaecisely therefore a factor less than one corresponds to a safe design.
Figure5.5graphs the resistance fraction over ten equally spaces stations along the span:
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Figure5.5: Bridge resistance fraction

As shown, all resistance fractions are below 1, and therefore the design is within code.

The sections were also checked for fatigue using CS8egtion 10.1CSA, 206]. The critical fatigue
section was the connection between the stiffeners welded to the bottom flange of the girders, which is a
Detail Category C connection. 8lassA highway with an ADTT of 4000 as p&able CSA S6 10.6

[CSA, 2006]was assumed with 200 year life span. This results in a total Design Service Life of 4000
3651100 = 1.4610° stress cycles. The load case for fatigue is a single truck, which produces a maximum
moment of 660 kNm. This causes a stress at the critical location in tliegof & = 27.37 MPa which

was less than the calculategddf 41.5MPa, and so the bridge passed the fatigue check. The stresses due

to the live load passage of a single truck in the stiffener locations are summarized . Table
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Table5.1: Stresses at fatigue critical locations

Stiffener Moment | Stress
location (m) | (KN-m) (MPa)
3.00 314 25.5
6.01 532 43.2
9.02 643 52.2
12.02 647 52.5
15.02 545 44.3
18.03 336 27.3

For the analysis the stiffeners were divided into three groups of approximately equal stress ranges, the
two interior(midspanstiffeners, the two intermediafquarter pointktiffeners, and the two exterior
(end)stiffeners. This was done to simplifyetlanalysis.

The analysis for this thesis was only to design the steel girders such that a fatigue analysis could be
performed. As such, the design of the piers, foundations, bearings, concrete deck, etc, were not
considered, as they did not affect the vétnar of the welds.

5.2 Action costs

In order to use thMarkov chairmodeldeveloped in this thesis for optimizing maintenance strategies,

detailed costs for each of the actions mustdleulated The first of these is the total cost of the bridge.

Figure5.6shows the relationship between bridge length and cost per square meter. As this paper was
written in Switzerland, the values on the vertical axis are Swiss Francs, converted to Canadian dollar the

upper limit on the vertical axis is around $4000.
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The dimensions of the main bridge span presented here are 16.8.6mx 2r an area of 33®2, which

according td-igure 5.6results in a costgy m? between $1700 and $3000. However, this figure is from

2003 and outdated, and discussions with local engineers have revealed the cost of a simple bridge with no
complications to be arourg#500/m. Thereforethe total cost of constructing one spaassumed to be
$1,590,000.

The next cost required is the replacement cost due to fatidpih is the cost of replacingnantire

girder. In [Walbridge et aR012], a bridge totallind,547,500 CHRvas assigned a girder replacement

cost of 550,000, or 35% of the total cost. Using the same ratio, the cost of replacement for the bridge in
this thesis is $564,450 per girder.

For treatment cost, [Walbridge, 2005] relates the cost of needle peening treatment to the cost of steel. It
was assumed to take 0.4fnutes to treat onem of weld in the field, and the ratio between material and
labour cost in developed countries is Bgdmin. [Okasha et al, 2011] specify a cost for fabricated carbon
steel girder to be between $3.30 and $3.42 per kg, which inclablesdtion, initial painting, shop

inspection and transportation, with a value of $3.35 per kg chosen for this thesis. Each stiffener has

738 mm of welding where the stiffener is attached to the bottom flange. In addition to this, part of the
attachment tohe web is also treated. The interior stiffeners were welded to a point where the stress was
less than the exterior stiffeners, and for simplicity the other stiffeners were treated the same amount, for a

total of 2338mm per stiffener. The total cost aiffener for treatment is therefore:
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Therefore the cost of treating an entire girder withssifkeners is$15,036.

Repair is assumed to consist of gouging out the weld containing the fatiguacdackvelding it

resulting in a new weld with properties similar to annexived weld, which can be modelled with a

similar deterioration matrix as the applied stresses are still the same. If treatment has already been
performed, then treatment is assdo be also performed on the repaired weld with properties and cost
assigned accordingly. The cost of performing repair is similar to that of treatment, but instead of one pass
over the weld required for treatment, roughly three or four passes for gargimequired, followed by

around three or four welding passes, for a total of around seven. Therefore the repair cost per millimetre
of weld is roughly seven times the treatment cost, or $7.50/mm. Using the santengticthe total cost

of repair is 805,252 for the entire girder.

Inspection costs vary significantly based on bridge location and ease of access. This value will be relative
to the treatment cost, as both require personal to access the bridge, but less than treatment, as no
equipment orignificant time is required. A ratio of one fifth of the total girder treatment cost was chosen

for this thesis, for an inspection cost of $3007.

A summary of action costs is provided in Tablg

Table5.2: Summary of maintenance actions

Action Cost Rational

Replace $ 564,450| Ratio of girder replacement to bridge cost from [Walbridge, Fernand
Adey, 2012]

Repair $ 105,252| Seven times as expensive as treatment, as gouging and rewilding ar

similarin principle to treatment but require more passes
Treatment | $ 15,036 Cost per mm from [Walbridge, 2005] and [Okasha et al, 2011]

Inspection $ 3,007 One fifth of treatment

To analyze the full girder, the girder was divided into elements equally spaced with each element
containing one stiffener. The exterior stiffeners were each 21.4% of the length, and the remaining

stiffeners were each 14.3%. The costs were then dividédeelrglative length of each of the elements,
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and the life cycle costs of each element were summed together to calculate the total life cycle cost for the

girder. As there are six girders in the bridge, the cost was multiplied by six to obtain thedg&kbst.
5.3 Cost analysis

Using the costs provided, a life cycle cost of 100 years of this bridge with respdigue f@as
calculated using the 8tkov chains calibrated in Chapter 4. Four maintenance strategies are used as

specified in Section 4.3.5, foeference they are listed agiare

SO0: base case, no inspection (MPI), repair (gouging and rewelding), or needle peening
S1: needle peening after 20 years of service loading
S2: inspection, repair (if needed), and needle peening after 20 yearsiad fmading

S3: inspection, repair, and needle peening as needed after every 20 years of service loading

The results of the analysis are shown in Figure
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Figure5.7: Life cycle cost of bridge:

As shown, for the sample bridge calculated for this thesis, there are large cost savings to be obtained by
performing maintenance on the girders with respect to fatigue, up to $2,050,000 over the 100 year
lifetime of the bridge. The difference in each o treatment strategies which include treatment is small,

but treatment followed by repair every 20 years is optimal.
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The consideration of correlation of corrosion and fatigue as described in Sk6tiam also be applied to
this bridge. In Section.6.3 the condition states for corrosion were defined asnbrband 2.9mm loss

for CS3 and 4 respectively, which correlatedn@®® and 15% increase in the stress range. Using the
girder described, the losses correspond to a 12% and 19% increase in shausgedor CS3 and CS4.

However, that method only considers the effects of stress increase due to loss of section. As explained in
Sectiond.6.3 an equivalent stress range equal to the average decrease in stress lives based on the studies
in Table4.20 was calculated, equal to 65 MPa for CS5. The stress at CS4 is therefore 59.7 MPa.

For the current analysithree cases were considered, the first considering only fatigue. The second,
Corrosion 1, considers correlation with corrosion deterioratiompfiytconsidering the increase in stress
range due to reduced cross section. The third, Corrosion 2, also considers correlation with corrosion
deterioration, but uses average loss in cycles to failure presented by the studies outlineddiZX able
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Fatigue only Cormrosion 1 Corrosion 2
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Figure 5.8: Life cycle cost of bridge including consideration of corrosion
The analysis results in Figure 5.8 show thatconsideration of corrosion increases the total life cycle

cost consideration of fatigu®y a maximum of $365,000r a 100 year service peripbut does not

change the relative values by a significant amount, or the optimal strategy.

Further studiesvere performed bghanging some of the properties of the bridge. The first change
performed wa reducing the class of the road from A to B, C, and D, which according to Table 10.6 in
CSA S6[CSA, 2006]correspond to an ADTT of 4000, 1000, 250, and 50 respectively. As the bridge was
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designed foClass A, the worst case scenario, the bridge willlstilwithin code for lower traffic

volumes.
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Figure5.9: Life cycle cost compared to traffic volume

As shown previously, for idss A roads the optimal maintenance strategy is S3, with the option of doing
nothing over twice as expensive. This is due the large number of trucks which cause significant fatigue
damage. Fo€lass Broadsthe cost related to fatigue has decreased to about 25% of the previous
amounts, and the gap between S3 and SO has diministeeldrat is still optimal to perform strategy

S3. ForClass C roads we see a shift, it is now optimal to do nothing, $85,400 compared to $105,800 for
S3. ForClass D this trend continues, with the cost of doing nothing at $2,000 compared to $61,800.

The dfects of corrosion on theelativeoptimal fatigue maintenance strategy as shown in Figiare
small this is because fatigue completely dominates the costs at high traffic volumes. If we compare the

effects of corrosion correlation at lower trafficlumes we getosts shown in Figure 5.10.
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Figure5.10: Life-cycle cost at low traffic volumes with consideration of corrosion

As shown, particularly fo€lass Groads considering corrosion comes very close to changing the optimal

strategy, and with slightly different costs could result in a different optimal choice.

Due to the different stress ranges at different stiffeners, it may not be optimalittiecdoins entire girder
as one decision to treat or repair, but do selective treatments. The following new maintenance strategies
are added:

9 S4: inspection, repair, and needle peening as needed after every 20 years of service loading only
on interior stiffeers
1 S5: inspection, repair, and needle peening as needed after every 20 years of service loading only

on interior and intermediate stiffeners.
The costs of treatment for each strategy were changed to reflect how much treatment was being

performed. Figur®&.11shows the results including these new maintenance strategies, each on individual

graphs to easily distinguish changes at lower costs.
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Figure5.11: Live cycle cost including new maintenance strategies

For Class A, the traffic load is high enough that it is cost effective to treat all the stiffeners. For Class B,
we can see th&trategy S is now the cheapest, which ans it is no longer cost effective to treat the
exteriorstiffeners. For Class bads, S4 is now the cheapest, meaning is it now optimal to only treat the
interior stiffeners. For Class idads it remains optimal to do nothing, as there is not enough traffic to

cause significant fatigue deterioration.

The largest factor in the decisiohwhether or not to treat is often the cost of treatment. Therefore a
sensitivity analysis was performed on the treatment comparing the options of do nothing vs the optimal
treatment strategy, as summarized in T&bke

Table5.3: Critical treatmentcost

Critical treatment cost | Critical treatment cost

per mm of treatment
Class A $ 512,966.31 $ 1,316.42
Class B $ 191,757.01 $ 492.11
Class C $ 33,742.30 $ 86.59
Class D $ 0.00 $ 0.00

For Class A, B, and @ads as the cost of doing nothing is larger than the treatment cosgltledn
Table5.3represents the maximum treatment cost, as long as the cost of treatment is lower than the one
shown it is cost effective to perform treatment. For Classddsthe optimization returned a negative
value, which means that there is no scenario under wtgatment will be less expensive than doing
nothing.
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In conclusion, théarkov chains developed in this thesis can be used to pliéalicycle costdor

different maintenance strategies, and therefore can be used to select the optimal and-effettoaest
strategy. The ease of useMrkov chains over MCS or #dRM allows for the ability to quickly set up
and calculate the effects of different loading cases and maintenance actions, which makes it a very
powerful tool for planning bridge maintenantksing the bridge designed in this section, a maximum

total cost saving of $2,050,000 was obtained over the 100 year life span.
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6.0 Conclusionsand recommendations

6.1 Conclusions

The conclusions presented in this chapter are divided according to the threeeasiof ahe research
work: those resulting from (i) probabilistic fracture mechanics analysis of fatigue crack growth using
Monte Carlo Simulation (MCS) and tiMultiplicative Dimension Reduction Methd1-DRM), (ii)
modelling fatigue deterioration and m&itting using Markov chain models, and (iii) the application of the

developed Markov chain models to compare fatigue management strategies fecaléutiridge.
6.1.1 Probabilistic fracture mechanics using MCS and MDRM

In Chapter 3 of this thesis paobabilistic strairbased fracture mechanics (SBFM) model is successfully
implemented with MCS and MDRM to predict the statistics of fatigue crack growth. Based on this work,

the following conclusions are drawn:

1 For MCS, a convergence test was perforteedetermine the minimum amounttagls required
to achieve a sufficient level of accuracy. Based on this test, it was found that B@Q@r
stress range was sufficient to accurately establish the 50% and 9N7®ar@es, which are
commonly usedby practicing engineers for fatigue assessment and design.

1 The problem of SBFM simulations resulting in infinite lives for some trials at the lower stress
levels can be easily dealt with in the MCS analysis by sorting the results and using their rank in
the sorted list to obtain the survival probabilities directly, rather than calculating statistical
parameters such as the mean and standard deviation.

1 Solving this problem in the NDRM analysis is a bigger challenge. To do this, known points
wereusedtoceet e a | ine of best fit and esti mate whe!
the infinite life results. This approach only allowed thN Surve in the finite life domain to be
extended slightly. A better approach proved to be modifying the SBlEK! smthat the output
was the threshold stresmngelimit (between finite and infinite life), rather than the number of
cycles to failure. The-8lI curve can then be completed by conservatively assuming that the
curves from the finite and infinite life alyais can be extended until they intersect.

1 A comparison of analyses performed using three loading hisiodesstant amplitude (CA)
loading with a load ratioR = Snin/ Snay Of 0.1, and two variable amplitude (VA) loading
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histories, one at the midspaha simply supported 4 bridge, and one at the support of a
continuous 15n bridge)i showed that the loading history does affect the position of-tie S

curve. In general, the two VA loading curves fell below the CA loading curve.
Comparing the MCSral M-DRM results, the following additional conclusions are drawn:

1 M-DRM can accurately predict the statistics of fatigue crack growth, both-feelded and
treated specimens, within 1% error at high stress ranges.

1 The difference between the MCS andNMRM analysis results at the lower stress ranges (where
the MDRM analysis could only be performed to obtain the statistics of the threshold stress
range) was less than at the higher stress ranges, but still within 5%.

1 The M-DRM analysis was performed usindraction of the time required to perform the MCS
analysis. Approximately 2 full days were required to calculate eNe@ve using MCS,
compared to under one hour forRM.

1 M-DRM was also able to perform sensitivity analysis on the variables, with tisecBastant C
having the highest sensitivity for most of CA and VA loading, followed by the load for VA and
variation in the stress concentration factor for CA loading.

1 While M-DRM resulted in a significant increase in the analysis speed, it is susfiextée
large number of input parameters required by the probabilistic SBFM model and the high level of
technical knowledge required to select these parameters means that the SBFM analysis
implemented with MDRM is probably still too complex and time comnging to be used routinely

by practitioners to analyze many bridges in a large infrastructure network.

6.1.2 Modelling fatigue deterioration and retrofitting using Markov chain

models

Both MCS and MDRM require relatively complex equations and understandingeaceffectively.

Therefore a relatively simpler Markov chain model was investigated. This model is similar to the Markov
chain models typically used to simulate deterioration due to other mechanisms (e.g. corrosion, wear) in
existing bridge management ssts (BMSs). In order to be applicable to a wide range of BMSs, two
Markov chain sizes five andtencondition states (CS$)were considered. Three methods were used for
calibration of the Markov chains with varying degrees of success: 1) calibratigndesign SN curves

(plots fromCSA S16 [CSA, 2014)vere used as a basis and a uniform Markov chain calibrated from
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specific points), 2) calibration using failure data obtained by SBFM analysis (MCS output was used to
determine the probability of failure ia given year, and the probability of being in the last condition state
of the Markov chain, or failure, calibrated to that data), and 3) calibration using crack growth data from
SBFM analysis (the MCS output was divided into CSs defined by crack leagtha, noruniform

Markov chain calibrated to the probability of residing in each condition state). Following the calibration
of these models, it was shown how they could be modified to simulate management actions (e.g.
inspection, repair, and treatmerBpased on this work, the following conclusions are drawn:

9 Of the three calibration methods, calibration using the probabilistic SBFM crack growth data
performed the best when comparing plots of individual CS probabilities and based on subsequent
life-cyclecost analysis (LCCA). This method resulted in adequate predictions when evaluated
based on comparisons with the desigN Burves. The other methods resulted in a closer fit,
particularly for the 50% survival probability curve, but the fit from this catibn method was
still close. Therefore the use of crack growth data (obtained by testing or fracture mechanics) is
recommended when calibrating Markov chains to model fatigue deterioration.

1 In comparing the lifecycle costs associated with several fatijagement strategies, the
calibrated Markov chain model predicted the same optimal strategy as the probabilistic SBFM
model, with a small fraction of the computational effort.

1 Of the two Markov models used in this thesis, using five and ten condittes,dtath predicted
the same optimal strategy with similar absolute values. There were small differences which were
attributed to characteristics of large® models Secifically, it takes a minimum of 10 years in
the 10CS model for failure to begin, coaned to 5 years for the 5CS model.

1 The correlation between corrosion and fatigue was also studied and modelled using the Markov
chain approach, and it was found that high levels of corrosion can have a significant impact on

life-cycle cost, and can evenaige the optimal fatigue management strategy.
6.1.3 Application of Markov chain models for a full-scalebridge

The calibrated Markov chains models were then used on an example application to predict the fatigue
deterioration of a fulscale steetoncrete compgite highway bridge with a 21 m main span. Several
different management strategies were modelled, including a mixture of impact treatment, inspection,
and repair, in 20 year increments during the life of the bridge, and realistic costs were assigned to

eat management action. Based on this work, the following conclusions are drawn:
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1 In comparing the various management strategies, a cost savings of as much as $2,050,000 over
the 100 year life span was obtained by choosing the optimal management strategy.

1 Under realistic conditions and cost assumptions, optimal management strategies were identified
that involved treatment of the critical fatigue details by impact treatment, including selective
treatment of stiffeners at lower traffic volumes for additionalregs: This demonstrates that such
treatments can serve as a useful tool for the fatigue management of bridges.

1 The flexibility and ease of use of the Markov chain models was exploited to easily analyze and
modify a number of alternative managemstnategies, thus demonstrating the usefulness of this

approach for modelling the fatigue deterioration and retrofitting of bridges.
6.2 Recommendations for future work

At the end of this project, a number of promising areas for future research to extenditigs fof this

study have been identified. They can be summarized as follows:

1 For the example fulscale bridge application, certain assumptions could be more fully explored,
such as the intervention costs (which were estimated), and the attributioreo€tists. For
example, in this analysis, if fatigue failure occurred on an element representing a certain
percentage of a bridge girder, then an equal percentage of the girder replacement cost was
incurred. In reality, it may be necessary to replace thgifder in this case, or perform a
reinforcing repair that may be cheaper than the assumed amount.

1 The full-scale example could also be improved with a more careful consideration of indirect
costs, such as user delay costs due to full bridge or lang&los

1 The presented Markov chain models could be calibrated to test data for a wider range of fatigue
life-improving treatments, such as grinding and other impact treatments.

9 Fatigue problems in bridges often occur at locations where the appliedabtgsss difficult to
assess using normal design models (e.g. distortion fatigue cracks at web stiffener ends). How to
consider these cases in a BMS framework is an area requiring further investigation.

1 Inthis research it was assumed that fatigue fadarebe defined as crack growth to a critical
depth related to the plate thickness. The facts that cracks of this size may not result in imminent
failure and that fatigue failure does not have the same consequence in all locations on a bridge

were not conslered. These issues could be investigated in future research.
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1 The approach used to model correlations between element deterioration rates can be applied to
other bridge elements to model such things as the effect of the wearing surface condition state on
concrete deck deterioration, or the effect of joint waterproofing on bearing corrosion, etc., to

improve the prediction accuracy of BMSs and result in better allocation of maintenance funding.
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