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ABSTRACT

The deterioration of reiofced oncretebridge deck is one of the major concerns for
highway agencies and accurate prediction oir theterioration process and assessment of their
remaining service lifas essentiaffor the effective management and preservation of bridge
infrastucture.This report presents the second phase msaarchproject aimed at developing
degradation mechanisms for bridge decks in the staMichigan. The research focus wes
develop andvalidae degradation models based on durability mechaniés. probabilistic
framework to implementocaklevel mechanisticoased modsl for predicting thechloride
induced corrosion of the RC deck was develogdte metlodology is a tweevel strategya
threephase corrosion process was modeded local (unit cell)level to predict the time of
surface crackingwhile a Monte Carlo simulationMCS) approach was implemented on a
representative number of celig predict global (bridge deck) level degradation by estimating
cumulative damagef a complete deckl he predicted damagseverityand extent ovethe deck
domain wasmappedto the structural condition rating scale prescribed by Neaional Bridge
Inventory (NBI). The influence of multiple effects was investigated by implementing a
carbonation induced coriios deterministic model. The carbonation degradation process was
assumed to be decoupled from chloride induced corrosion such that the controlling effect to the
initiation of corrosionwould dictate the initiation period, with the propagation and crack to
surface periods being modeled equaBy. utilizing realistic and sitspecific model inputs, the
statisticsbased frameworks capabldo estimate the service states of the RC deck and compare
with field data at the project levePredicted results showehlat different surface cracking time
can beidentified by the local deterministic modedue to the variation of material and
environmental properties based on probability distributi@iglges from different regions in
Michigan were usedtvalidate therediction mode&nd theresults show a good match between
observed and predicted bridgenditionratings.A parametric studyas carried out to califate
theinfluenceof key material properties arhvironmentaparameters on service life prediction
and facilitate use of the model. A computer program with a -fisendly interface was
developed for degradation modeling due to chloride induced corrosion. The program can be used

to evaluate the performance of Michigan highway bridges or generic new designs
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1 | NTRODUCTI ON

1.1 Background and Motivation

The deterioration afeinforcedconcrete (RC) bridge decks has been investigadediderably
overthe past few decades concernswith their performance has increasingly beccamajor
infrastructuremaintenance issue sindbe 1970s (Russell 2004)The generalapproachfor
infrastructuremaintenance can be summarized in three aspects: deterioration model, cost model,
and deision models (Estes and Frangopol 2001, Frangopol et al. ZD@4)report deals with
deterioration modeling. The approaches to degradation modeling of reinforced concrete elements
may be grouped in five categories: statistical models, probabilistic Isposiaftcomputing
models (e.g., artificial neural networks, support vector machines, etc.), numerical mattbds
mechanicsbased methods. Clearlygweral sukclassifications can be made in eadhthe noted
categories. Of the noted methods, statistical, probabilistic, angd@ofiuting methods rely on
the use of data to infer relationships and predict behavior. For modeling the deterioration of
infrastructure the data has typically been thaimfrgisual inspections and evaluating the
fundamental mechanisms behind the degradation process is not possible. A variety of options is
available to simulate degradation through numerical simulations; however, the models tend to be
complex and are generaltijfficult to modify for multiple structures or generalize for a network.
Mechanicsbased models, both theelnased and experimehased (or phenomenologicahpdel
degradation based on the fundamental physimmical processes by using basic material
properties and a diverse set of mechanics, thermodynamics and chemical niodelg.
analytical models have been proposed bmbst mechaniecbased models are calibrated (to
different degrees) with laboratesgale experimentdechanicsdbased models offer ¢éhbest way
to simulate and understand the degradation process based on fundamental material properties and
thermemechanechemical processes. However, thedels can be quite complex, typically
relying on numerical solutions, and models for combined deatjoad effects (e.g., corrosion
together with freezéhaw effect) are very limitedNlo withstanding these limitations, mechanics
based models are the best way to not only model degradation of infrastructure elements but to
also understand thieindamentalenvironmental, material and design parameters that affect the

degradation process.



The degradation of reinforced concrete decks is complex since it has many sources. A
classification of the different damage bridge decks and its source in is presefitablarl
(TRB, 2006) It can be seen that any given timehe damage that may be observed in a bridge

deckmay be causebly multiple simultaneous factors.

Table 1. The classification of crack types, its factors and time (TRB 2006)

Type of Cracking Form of Crack Primary Cause Time of Appearance
Plastic settlement Over and aligned Poor mixture design 10minto3h
with reinforcement, leading to excessive
subsidence under bleeding, excessive
reinforcing bars vibrations
Plastic shrinkage Diagonal or random | Excessive early 30minto6h
evaporation

Thermal expansion
and contraction

Transverse

Excessive heat
generation, excessive
temperature gradients

1 day to 23 weeks

Drying shrinkage

Transverse, pattern
or map cracking

Excessive mixture
water, inefficient
joints, large joint
spacings

Weeks to months

Freezing and

Parallel to the

Lack of proper air-

After one or more

thawing surface of concrete void system, non winters
durable coarse
aggregate
Corrosion of Over reinforcement Inadequate cover, More than 2 years

reinforcement

ingress of sufficient
chloride

Alkali-aggregate
reaction

Pattern and
longitudinal cracks

Reactive aggregate
plus alkali

Typically more than 5

arallel to the least hydroxides plus years, but weeks with a
fes trained side ' moisture highly reactive material
Sulfate attack Pattern Internal or external

sulfates promoting
the formation of
ettringite

1 to 5 years

Commoncrack types that appear before and after hardemiregshown inFigure 1. While
early age cracking can be controlled through the improvement in concrete mixture design,
material placement and curinthe issue of deck deterioration the medium to longterm is
associated with cracks after concrete hardenkgwever, it is impossible and impractical to

discuss the influence of all these factors on surface cracking.
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Figure 1. Common auses for cracking in concretetsuctures (TRB 2006)
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Figure 2: Various mechanisms affectinghe durability of concrete (Basheer et al. 1996)

Basheer et al. (1996¢viewed of more than 400 published documentthemleterioration of

concrete anatategorized the deterioration menksn in concrete after hardening into physical

and chemical processe$¥he study concluded thahe three most important environmental

factors affecting RC deck deterioration are chloride induced corrosion, carbonation and freeze

3



thaw. The first two mechams are due to a chemigalechanical coupling process while third
one is due to a physicalechanical process. The most reported cause of deterioration is
attributed to corrosion of the reinforcing bar due to chloride indress deicing salts or sea
water. It is well known that cracking and/or scaling will propagate to the sled&cebecause of

the reinforcing bar corrosion process.

In spite of the wetknown fact that several degradation mechanisms act simultaneously,
consideration of multiple effestis difficult and studies of coupled degradation effects is
considerably limited. A ecentexample is thestudy by BastidasArteaga et al. (2009) who

considered the coupled effect of corrosfatigue on RC structures.

The focus of this report is on tlevelopment of a framework to implement a mechanics
based model for predicting the lfene degradation of bridge decks due to chloiitduced
corrosion Two othermechanicsms were also considered, nanoalghonationnduced corrosion
and freezeghaw effects However, studies on these two factarare less comprehensivéhe
objectivewas to obtain a appropriate deterioration modedlat canoffer a prediction of the
service condition ofeinforced concrete bridg#ecks based on the simulation of the tilamental
degradation process.

There are two major ways to model concaeagegrom environmental effects. Oneay is
to model the corrosion process akoaal level or characteristic reinforced prisfrhis follows
from the typical experimental methods smallscale samples used to calibrate analytical and
phenomenological modelPetailed literature reviewn this approach igresented ifChapter 2
However,a reinforced prisntannot represent the real conditioha bridge deck.The second
approach toimulate degradatiors based orreliability and probability analys of service life
prediction.Several contributions have been made on this type of modeling apprp&airight
and Frangopol (1998), Steward and Rosowsky (1998), Vu and Steward (200@3rdStand
Mullard (2007) and Marsh and Frangopol (2008bwever, most of the noted workssolved
the assessment oftimate limit state®f elementssuch as structural strength resistance, flexural
failure, etc. There are also a number of investigatidmsinis and Amleh 2003, Lounis and
Daigle 2008) thahavefocused on service limit statesjch as cracking, spalling, etbyt these
mechanistic models are too simple for describing the complicated concrete deterpmatess.

While severalcommercialprograms for concrete service life predictioave recently emerged,



careful examination of their underlying theory (see Chapter 2) shows the need for improvement
in the servicdife deterioration modeling of concrete elemeregradation modeling of lge
structures based omechanistic considerations is thus an ongoing area of research with still
many gaps to be overcome.

1.2 ProposedFramework

This research projeatombinel previous works on the deterioration obncretedecks to
develop a probabilistibased framework for practical applicationof mechanicdased
deterioration modelsA similar work by Firouzi and Rahai (2011) investigated the likelihood of
degradation due to chloride ingress by rand@mpling on a hypothetical deck but they did not
validate the prediction with actual deckshe methodologyn this research project a twoelevel

strategy as shown irfrigure3.

Model Mechanistic Model Probabilistic Model Model
Input at the Cell level at the Deck Level Output
NEI
Material :
Structural j
Environmental ;

Age (years)

Key Design 1:11116 to Cumulative Predicted
7 ’ Surface Damage .
Parameters - o NBI Rating

Cracking Curve

Figure 3: Proposed framework for deck deterioration modeling

The framework of deck deterioration modelis@s follows

1. Random values of the parameters of interest (such as chloride concentration at the concrete
surface, concrete compressive strength, diffusi@ificient of concrete, threshold value for
chloride concentration athe steel level, corrosion rate, concrete cover depth, ae)
generated and assigned to different cells, so that these values will form sets of parameter

combinations.



2. At a locallevd (unit cell), the corrosion process was modeled by employing mechanistic
models that can predict the time for reinforcement bar corrosion to manifest in surface
cracking. To overcome the limitations of current methods aodnmercialprograms for
concreteservicelife prediction, existing models from different asgeot the degradation
processwere selectedo provide a relatively accurate predictiodhe ®lected modalwere
choserto have the following desired features: ¢dhsider mulimechanisms; (2)sea more
sophisticated model for corrosion proceasd (3) take uncertainty of key parameters into
accountEach parameter combinati®adopted for the deterministiccallevel analysis and
the major results (such as o surface cracking and crack width over timehegtconcrete
surface)s obtained and recorded.

3. At thegloballevel (bridge deck), arobabilisticapproachs implemented on a representative
number of cells from the deck domaifio account for the unceinty of environmental
conditions and material properties, statistical analyses, namely, Monte Carlo simulations
(MCS) are adopted into the prediction of concrete service Hfeperties at the local/cell
level are varied based on probability distributi® The predicted results of the cédvel
deterministic analysiarecollected for the entire bridge deakda cumulative damage index
(CDI) curve of the deck is calculated based on the predicted time to surface cracking from all
the unit cells. A CDI boundis then calculated byaking into account different input data
combinatiors, as shown irFigure4(a).

4. Final major step in this proposed framework ighe damage sevity of the deck is mapped
to the National Bridge Inventory (NBI) rating, a conventional bridge rating system used by
highway agencigsas shown irFigure4(b). The overall condition of the bridge deck will be
determined based on the results of the-audilysesTherefore, the CDI boung mapped
into an NBI rating bound.The MCS provids a worst scenario and best scenario in the CDI
curve and corresponding NBI rating curve. Finally, a mean value csivtainedfor the

CDI curve and NBI rating curve.



1 Worst scenario

]
=T}]
g 0 Best Condition
8y c
- £
2 &
g z
E Z
5 Best scenario
@)

t i

Age (years) Age (years)
(@) (b)

Figure 4 Expected prediction results through the Monte Carlo Simulation

The core of Monte Carlo simulation is based on numeroussalyses and the accuracy of
the results clearly depends on the number of analyses. Thus, it can be predicted that the primary
limitation of the propose@pproach is the computational demands kessential to determine the
minimum number of analyses needed for a reliable result. On the other hand, the sophistication
level of the model adopted for each mechanism will also be limited by computational demand in
order to be feasiblé'he advantage d¥lonte Carlo simulations is that it allows the prediction of
the most possible behavior of the structure while taking into account for the uncertainty of the
input parameters. If only the extreme scenarios are evaluated, the prediction will be progided as

wide band between the extreme scenanidsch is much less informative.

1.3 Report Organization

This report is organized to highlight the resultshe proposedstatisticalbasediramework for
predicting the degradatiasf reinforced concrete decks Michiganhighway bridgesA literature
review is presented in Chapter 2duwtlinethe stateof-the-art onservicelife predictionin reinforced
concretededs due to chloride corrosion, carbonation and freswav. Based oma summary of the
shortcomings of @alytical solutiols and currently availablecommercial software Chapter 3
documentsa threephase corrosion proceassembled fronexistingmechanistic modelthatcan
predict the timefor reinforcement bar corrosioto manifest insurface crackingChapter 4

discusseghe implementation ofthe Monte Carlo simulation(MCS) approachas well asthe



prediction results ofthe MCS Chapter5 presentsa series of validatia of the proposed
mechanistiebased frameworkbothat the project leveland & the network level A parametric
study isalso presented to investigate the influence of key parameters on ddspldation
Further, a series of reference chadtecumenting the effect of different parameters on deck
deterioration wereestablished forquick casultation Chapter6 presents and discusseeck
deterioration due to mufile mechanism Finally, asummary conclusions and recommendations

aregivenin Chapter7.



2 LI TERATURE REVI EW

2.1 Chloride-induced Corrosion

2.1.1 Analytical Models

Corrosion of metals in aqueous environments develops via electrochemical mechhatsms
includes an exchange of electrons. The process of corrosion in metals can be described by the

following two halfcell reactions:

Fe- F&' + 2&(Anodic reaction) (2-1)

0O,+2H,0 + 4é- 40H(Catholic reaction) (2-2)

Chlorideinducedcorrosion of reinforcement b&in concretés a serious problem due to two
reasons: i) corrosion will lead to reduction of the effective area of a reinforcing bar and the
corresponihg flexural strength of theoncrete elementi) the concrete surrounding a corroding
bar is subjected to internal pressure that may cause cracking and spalling, since the volume of the
corrosion products is higher than the volume of the initial stéed.main reactions that generate

corrosion products are shown in the following:

Fe’"+20H- Fe(OH) (2-3)
AFe(OHy +2H O+ Q- 4Fe(OH (2-4)
2Fe(OH}- 2H, O +Fg QO H | (2-5)

The entire corrosion process typically divided into different phasesiut t i éstage t wo

model| namely nitiation period and ppagatiornperiodis a widelyaccepted definitiompproach

for corrosion modelingGenerally,the initiation period is much longer thathe propagation
period. Ervin (2007) reportedhat thepredictionfrom severaimodels showed thabn average

the initiation periodis six and a half times longer théme propagation periadThat is why in

some prediton modet a constantvalue is given tdhe propagation period. However, research
has showrthat propagation canlsm take a very long timeTherefore severalapproaches have
considered aetaileddefinition of theservice lifephase (Suwito and Xi 2008, ket al. 2008)as

shown inFigure5 andFigure6.
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In this projecta threephrase corrosion procetigatincludesdiffusion, rustaccumulationand
crack propagatiorwas identified and implementedhereis a vast amount ofiterature onthe
modeling ofthese three periods. A reviasipresented here in order to compare different models
andjustify the suitable dection of modeling approachésr this project.

2.1.1.1 Diffusion Process

In the first period,the diffusion processFi cké6s second | aw, whi ch
approach, is stilthe most computationally convenient way to determine the time to corrosion
initiation, even thoughhere is extensive evidence on the complexity of the process of ehlorid
ion penetration into concrete.n pri nci pl e, Fi alinéasapmxaénatontd | aw |
the process of chloride ingress. In some sense, the real nonlinear behavlmidge deck can
be regarded as perturbations from this linear model. Thereibile Fi c k 6 s scamand | a\
provide the completanswerit can captureghe central part for the theory (Poulsen and Mejlbro
2006). To i mpr ov e Fi MangasandsMoltoy (h994) pommted, out that the diffusion
coefficient is dependent on time (decrease with time) and proposed an empirical model between
the diffusion coefftient andthe exposure timeBasheer eal. (1996) also preserthe same
model for chloride concentratiomhich is derived from the principle of mass conservation but
ignoring the evaporable wateBoddy et al. (1999) consider the muttiechanism effect ro
chloride transfer and presamnbdelsfor eacheffect but there was no experimental data to verify
the proposed modeQue (2007) summarized and compared several available diffusion models.
Suwito and Xi (2008) presented a couple processes betweendhdecland moisture diffusion
Marchand and Samson (2009) discussed the limitations of determine the transfer of chloride ions
into concrete with Fickbdbs second | aw and poin
model can rarely be satisfietdin et al (2010) established a comprehensive thetinyalro-
mechanical modeh which the transport model of chloride iowsspredicted more accurately.

The model accounted for the moisture transport during dmyietyjng cycles (nossaturated
concrete), flictuation of external environment, and the interaction between mass transport and

decay of RC structural performance

2.1.1.2 RustAccumulation

In the second periodust accumulation the chloride ions (Ql reach the reinforcement

surfaceand an electrochemical reaction will be ready to start, followed by a reduction in bar
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diameter and then the accumulation of rust pradaiciund the baiOtieno et al. (2011provide

a comprehesive review on current models of corrosion(rgt@. They show that icor canbe
determined empirically from statistical analyses on experimental data or mathematically from
electrochemical principles. Obviouslygiis also an uncertain tirgependent parameter, which

is affected by many factors, including chloridencentration, preorrosion cracg etc. Due to

the porosity athe concrete/rebanterface, there is a freexpansion time period of rust into this
zone before the initiation of the cragiopagation proces# is reported that the volume of rust
prodicts could be 4 to 6 times larger than that of the rebar dianidisre types of corrosion
product are found at steel/concrete interface, at the corrosloned crack as well as the edges

of cracks: FgO,4, -FEO(OH) and F£3 (Zhao et al. 2012)An important finding is thatust does

not penetrate o the corrosionnduced crackdefore the cracks reach the concrete surface
Furthermore, very little rust has been observed in the internal cracks between neighboring
reinforcement. The difference tieeen external and internal cracks is because of the ingress of
outer solution. Therefore, there are two phases for rust diffusion: the time to completely fill the

voids and the time to initiate cracks in the surrounding concrete.

2.1.1.3 Crack Ropagation

In thelast period, crack propagation, both empirical and analytical models are available for
predicting the time for cracks to reach the concrete cover surface. The recent review by Chernin
and Val (2010) pointed out that an empirical model derived from expetahdata cannot
provide sufficient and accurate information. Thus, models based on the analysis ofveatledk
concrete cylinder with a concentric hole (representing the space occupied by the rebar) have been
proposed to simulate the chloridelucedcracking process on steel reinforced concrete decks.
Two well-established analytical models are showhigure7(a) athick-walled uniform cylinder
modeland Figure 7(b) a partially cracked thickvalled cylinder model (Chernin and Val 2)1
Before discussing these modé@lsneeds tabe mentiored that externaloading effec$ are not
taken into accounteventhough researchers have pointed out the effects of sustained loads on

corrosion rate and crack propagation (Malunbela et al. 2009).
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Figure 7 Two modeing approaches forcrack propagation from corrosion

The uniform cylinder model proposed by Bazant (1979) is based on sasgstahptions
including the consideration of concrete as a homogeneous himetarial] a constant value of
rust production, etc. Liu and Weyers (1898nodified this modelwith the consideration of a
porous zone between the concrete and rebar. Howeanodel underestimates the mass loss
of the rebar and does not take into account nonlinear behavior at the concrete/rebar interface.
Recent studies have also noted that unifosteel corrosion in concrete structures will
underestimate the maximum pressure applied by the corrosion products and hence overestimate

the time for cracking of the coveoncretgMalumbela et al. 2011).

A doublecylinder model has been proposed on thsid of a partition between a cracked
inner cylinder and an uoracked outer layer. Modifications of this concept have been proposed
by many researchers. Pantazopoulou and Papoulia (2881gidered that cover concrete
maintains residual strength even aite tensile strength is reached and that rust products deposit
into the concrete cracks. Li et al (2006) modeled the inner cracked cylinder as an orthotropic
material with a modulus reduction. Ervin (2007) recommended a combined model for service life
evaluation during the propagation period and used the model by Pantazopoulou and Papoulia
before cracking ithec oncr et e cover appears. Conversely,
after crack initiation. Chernin et al. (2010) improved the compatibilityoitth stress and strain at

the concrete/rebar interface.

An interesting comparison between the uniform and double cylinder models mentioned above
shows that the former model is better to describe crack growth for-tmdeameter(c/d) ratios

smaller than2.5, whereas the latter one is more appropriate for c/d ratios between 2.5 to 4.0
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(Chernin et al. 2010)Therefore, the doubleylinder model seems to be more realistic for the

current investigation.

Basheer etl. (1996) pointed out that permeability and fracture strength are the dominant
factors for concrete durabilityA number of recent investigations have used enbaped
methods to predict the time to cracking of the concrete cover and crack propagatifas(&ada
Burgoyne 2010, Zhong et al. 2010). Balafas and Burgoyne (2010)thisehickwall cylinder
theory but established the tinecracking on the basis of fracture mechanics and strain energy.
This model was selectddr concrete crackingredicton in thisproject The criteria is thag(t)
=Gr-Gr, WhereGg is the total energy release ratetlre concrete ring;and Gg is the fracture
energy of concrete (0.12 Gp&yheng(t) is larger than @ the crack is assumed immediately

reach the topf the cacrete elemerdnd thus the tim#o surface failure can be determined.

2.1.1.4 Postcracking Process

Estimating thecrack width at the surface is the most important issue after the crack
propagates to the tofracks always propagate along the shortest path from the rebar to the free
surface. Obviously, crack widths keep increasing after the onset of hairline cracking at the
surface.Zhao et al. (2012) report that the crack width increases slightly at the oraréace
compared to that at the concrete/rebar interfaces, Tdifter cracking at concrete surface, the
crack shape is assumed to be trapezadashown inFigure 8(c). The post cracking process
found in the review paper by Chernin et @012) has been investigated in various ways,

including analytical, experimental and numerical models.

For analytical solutions, the prediction of crack widths as a functionngfetdial strain
proposed by Li et al (2006) has been recommended by many previous works, but a decisive
stiffness reduction coefficient ( U) I's not
material properties of concrete. In addition, the douiplg concrete cylinder was considered as
a plane stress problem, while a plane strain solution is more reasonable for this investigation.
Despite difficulty in defining the stiffness reduction coefficient, this analytical solution is still

worth comparingvith the results from experimental regression functions.

Many regression functions have been derived from accelerated experiments-tariong
field testing. For example, Zhaa al.(2012) reported a linear variation of crack width with the

ratio of cros-section loss to original bar sizélowever it has been documentatiat the
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prediction from this function did not provide a reasonable resulionte Carlo Simulations
Chernin et al. (2012) summarized recent empirical functions and compared theqediith
their experimental test Some models underestimated the crack width while the others
overestimated it significantly. It seems hard to conclude which one best fits their testing.

Finally, it was determined thatumerical analysis was not suitaldbr our research purpose.
Chemin et al. (2012) also pointed out that most of the numerical results overestimate crack
widths compared to experimental data because the real corrosion psotgssally simplified
by this kind of modelingespecially nelgcting the nature of rugirowth and distribution in the

porousconcrete
Outer solution Outer solution Outer solution
A O R AR | N O
Concrete Concrete Concrete | t |
,f| |t Rust (@
S . i . S Y
= = = = =
Rust @ Rebar Rust @ Rebar Rust @ Rebar
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(a) Before surface cracking (h) Surface cracking (¢) After surface cracking

Figure 8 Crack propagation and rust production (Zhao et al.2012

2.1.2 Commercial Software
In order to have a better idea of the existing knowledge abkenvice life prediction of
concrete structuseand to identify current limitations (gaps), several commercial programs for

concrete durability modeling were revietyas shown imable2 to Table4..

All programs basically have a library of different concrete materials, whose properties were
generally obtained experimentally. The necessary input for these programs is basically the

structure geometry, type of concrete, and the location (or exposurd&i@aedvironmental
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condition). The output is the chloride concentration profile in space domain or time domain. As
mentioned before, the initiation period of the corrosion process is assumed to be the time when
the concentration of chloride ions at thenfercement level reaches the threshold value, vfsc

a default or user definethlue The estimated service life dfe concrete structure is assumed to

be the initiation period of the corrosion process (STADIUM) or the initiation period plus
propagatio period (LIFE365). However, the propagation period is simply assumed to be 6 or

20 (for epoxy coated rebar) years.

Table 2. Features ofthe STADIUM program

STADIUM (SIMCO)

Year 2011 (latest version 2.99)

Capability Chloride induced corrosion

STADIUM is powerful software developed to predict the service life

Description
concrete structure.

It can take into account the effect of concrete and reinforcement
exposure condition, repair history and is ablevaluate the performance of
concrete structure by estimating the transport of chloride ions bas¢
Advantages | experimentally obtained (or user provided) parameters. It uses ady
models to estimate the transfer of chloride ions, which can account f
interaction of multiple ions (Nerndg?lanck equation), water movement, &
temperature.

Degradation is assessed purely as a mass transfer problem and the me
characteristics of concrete are not taken into account. The influen
Disadvantages | concreeé material deterioration on the chloride ion transfer process i
considered. The propagation period is neglected, which may be inaccurg
impractical.

This program can be very useful if the service life of the concrete struct
interes to account only for the initiation period of corrosion. However, if
propagation period needs to be considered additional work/estimationg
to be conducted, which is beyond the capacity of the program.

Comment
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Table 3. Features d the Life-365program

Life-365

Year

2009 (latest version 2.0.1)

Capability

Chloride induced corrosion

Description

Life-365 is a program used to predict the service life of concrete strug
The service life is assumed to be the sum of the initiggeiod of corrosior|
process and the propagation period. The initiation period is estimat
solving Fickbés second | aw using

the diffusion coefficient of concrete to be a function of both time
temperatureThe propagation period is assumed to be constant (6 or 20

Advantages

The program can take into account the effect of silica fume, fly ash,
corrosion inhibitors, membranes and sealers, ejpogyed steel and stainle
steel. Most of the estimian parameters are based on experimental da
simple assumptions.

Disadvantages

Life-365 claims that it can predict the entire service life of a concrete stry
(initiation period and propagation period.) However, the length of propag
periodis assumed to be constant (6 or 20 yrs.), which may be too simp
The estimate of the initiation period only considers the diffusion of chiq
ions using Fickbdbs second | aw. I
saturated and uoracked. Morecomplex modeling is necessary (not
capability of the program) to take into account the moisture transport ¢
drying and wetting, and the interaction between diffusion coefficient
deterioration of concrete material.

Comment

The program uses a gike model for the initiation period and a poor estim
for the propagation period.
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Table 4. Features ofthe CONLIFE program

CONLIFE
Year 2002
Capability Sulfate attack and freeze thaw
CONLIFE is a program developed by Bentz et al. (2002) that can be u
. predict the service life of concrete structures due to sulfate attack and
Description o ,
thaw effects. It assumes that sorption is the primary transport mechan
concrete. A test methddr sorptivity is proposed.
The programos mod el i s based o]
mechanism (sorption). A time of wetness model (Bentz et al. 2002
Advantages | developed that can predict the wetting event based on data of temperat

relative humidity. This model I g
voids in concrete.

Disadvantages

Sorption is assumed to be the only transport mechanism, which may
accurate. Other mechanism such as diffusion may need to be take
account. Concrete is assumed to be damaged when the air void in con
saturated to a certain level. However, the actual cracking process
considered in the material behavior after damage occurs.-Matthanismg
and the interactions were not sitered and the material is assumed tg
homogenous.

Comment

Similar model of wetness may be adopted but other mechanisms nee(
introduced; including the uncertainty of input parameters.

2.2 Carbonation

Carbonation is anoth@hemical attack that cdrad to thecorrosion of reinforcement iRC

deckstructures, especially in urban and industrial ar€aier (2004) reported that carbonation

is usually slow orbridge decls, especially forgood qualityconcrets. Carbonation rates are

dependent on humitg, with a high rate near 50% relative humidity (RH) lioé process nearly

neaty stops at 0 and 10% relative humidity Zhong et al. (2010) pointed out that a notable

difference between chlorideduced and carbonatianduced corrosion is that the foem
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exhibits localized cracking and spalling @he concrete surface while the latter causes

widespread and uniform cracking pattern.

As another major chemical attack that initiates the degradation of RC decks, carbonation
induced corrosion received leatention than chloridenduced corrosion before the year 2000.
Most of the developed models are empirical or sempirical. Similarly to the prediction of
chlorideinduced corrosion, the carbonation models are also based on many assuriptigns.
analytical models are simplgstimated byEquation2-6 from Fickés first law, which describs
thecarbongion depth as a function of concrete age #rectarbonation rate coefficient K.

where, x is the carbonation depth (mandK is the carbmation rate coefficienfmm/year*?). K
isequalto 3O 7 7, whereDco; is CO, diffusion coefficient (cr?s‘l), Ccop is
atmospheric C@concentration (gci), U i s an a,foo complete edrbon@tirandt
is the exposure time ©O0; (yeas).

It is reported that the carbonation coefficient is dependent on the environment and the
material properties of concrete. Humidity is the most important factor among all the
environmental parameters. Carbonation rate would be lower if theuserus subject to periodic
wetting. Several previous works have reported that the chemical process of carbasation
highest neaa relative humidity RH) of 50 to 70%. It also mentioned that RH below 50% is
insufficient to trigger the carbonation reactso Stewart et al. (2011) pointed out that,
conservatively, the carbonation front stops if RH is less than 40%. The RHimadgehiganis
between58 and80%, which indicates that carbonation corrosion is an issue for the durability of
RC decks. As for th material propertieshe concrete water/cement/€) ratio plays an essential
role on the diffusion of carbon dioxide. Previous resed&iat showrthat a lower ratio slows
down the penetration of carbonation. In turn, the carbonation process reshitmges of the
mechanical properties and durability of concr&tbi et al. (2002) noted that the compressive
strength of carbonated concrete is slightly larger than that e€adronated concrete.

Some recent researcfisgor and Razagpur, 2004; Saetth ab 2004) has led to the
development ofmathematicahumerical modeal to simulate thecarbonation process in RC

structure by consideing the combination of moisture, heat aagentflows through concrete
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Isgor and Razagpur (2004yesent the governingquations of themportant phenomenthat
affect carbonation and then salvéhem through numerical methods Song et al. (2006)
developedan analytical technique for carbonation prediction in eaggd cracked concreteow
considering both C@diffusion d pore water in sound concrete and in cracked concrete
Marques and Costa (201p)esented @erformanceébased methodolggas regards carbonation
induced corrosiomf RC structureln spite of their comprehensive nature, the noted models are
not easily impemented into the conceptualized framework for degradation modeling in this
project.

2.3 Freezethaw Effect

Freezethaw damage is one of the maatll-recognizedlamagesourcedor bridgedecks The
concrete freezéhaw durability is usually evaluated by conducting accelerated tests in the
laboratory or exposure tests in the actual environment. Most of the experiment and research
focus on the relationship between the dynamic elastic modulusnofaete material and freeze
thaw cyclesA series of experimental studies on deterioration induced by scalitiwg arly
1950s confirmed that the presence of deicing salts accaldratdeterioration of concrete under
freezethaw cycles. It is widely acepted that the presence of deicing chemicals will increase
freezethaw damage, at least in the surface layer. The experimental firgyniylacinnis and
Whiting (1979) proved that deicing salts increase the damage caused by frost Sictitar.
conclusims were also drawn by Mu et al. (2002) and Sun et al. (2002) based on their
experiments.The higher the salt concentration in the solution, the higher was the degree of
saturation retained in the concrete. Chung et al. (28l%0¥ound that concreteanhave higher

chloride coefficient of diffusion under freeteaw cycles.

The deterioration of concrete due to the fretmav cycles is a complex physical
phenomenon. Water contained in tt@ncretepores freezeat low temperatures increasing in
volume byby 9%. Freez¢ghaw damage begins witthe pressure developed within the void
system of the cement paste and aggregates. A large number ofthaezeyclescaneventually
lead to deterioration of the deck surface. The concrete cover may loss tp101Bm of depth
because of the exposure of repeated cycles (Fabbri et al. 20@8)most reported types of
freezethaw damage are internal cracking and surface scaling. Both of these failure modes are
progressive phenomeriRanning 2001). Wang and Song (20EXplained that internal damage
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mainly results from changes in the physical properties (the mass loss and decline of dynamic

elastic modulus, etc.) and mechanical properties (flexural strength, compressive strength, etc.).

Air-entrained concrete, developed in the late 1930s, has been confirmed as an effective way to
improve the frost resistance of concrete by adding proper volume and void spacing. Bazant et al.
(1988) commented that use of air entrainment is not a perfeatechecause the addition of
pores causea reductionn concretestrength and fracture toughneSsbir (1997) found that the
use of silica fume can improve compressive strength and reduce the rate of weigharness.
and Meininger(2006) investigatedhe freezeghaw resistance of concrete with marginal air
content. They showed that the type of-extraining admixture played a major role in
performance. Penttala (2006) reported that the need fenaainment is determined by surface
scaling damageni low-strength concrete and by internal cracking in high strength concrete.
Shang et al. (2009) carried out an experiment cEairained concrete subjected to different
freezethaw cycles. The results showed that the dynamic modulus of elasticitye temsihgth,
and compressive strength decreased as fréeaw cycleswere repeated. In their tests, the
compressive strength decreased 14% fitsninitial value after300 cycles, but it dropped
quickly to 54% of the initialvalueafter 400 cycles. It is interesting to note that the influence of
freezethaw on tensile strength is larger than compressive strength, dropping to 37% of the initial
strength. In addition, the relative dynamic modulus decreased to 77% and concrete agsight |

was2% fromits initial value after 400 cycles.

Watercement ratio is associated with the porosity of the cement. It is reported that dense
concrete of low wi/c ratio has higher $toresistance, ashownin Figure 9Error! Reference
source not found. If the w/c ratio is very low, the concrete is frasbistant even without air
entrainment. Akentrained concrete could hawery small and unifem bubbles inside the
cement paste, but it requires that the distances between the bubbles be lesstth@r? Orin.
Even a low w/c ratio cannot guarantee frost resistance. There are many factors that could have a
significant influence, such as the coster age, the type of binder, the freatment, minimum
temperature during the test, etc. (Fagerlund 19bB¢. experiments bh af oo r i and Ma
(1995) also proved that low w/c ratio improves the resistance to freezing and thawing by
reducing the amourof freezable water initially in the paste. Those specimens with high cement
content withstood a greater number of freezing and thawing cycles and reduced the rate of crack
propagation.
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Figure 9 Number of freezethaw cyclesvs. w/c ratio (Bertolini et al. 2004)

It is known that concrete is a complex musitiale material. Concrete itself has a microclimate,
which is still not fully understood. Hydraulic pressure theory is the most widespread explanation
for frost deterioratin. In this theory concrete damage is caused by pore pressure due to the
expulsion of water during the freezing procéBazant et al. 1988). The pore water is considered
to move from frozen part to others, but this theory does not seem to work for tatty qu
concrete and is valid only in very saturated conditions (Penttala 2006). Later, osmotic pressure
theory was proposed to describe the movement of pore water. The water movement is caused by
the dissolved substances that are not included in the foroeedtructures. Recent findings
reported by Fabbri et al. (2008) note that the mechanical response of a saturated or partially
saturated porous material at freezing temperatgreaused byhe volumetric increase of water
during its solidification, theransport of unfozen liquid water and the therramechanical

properties of all the concrete phases.

Fagerlund(1995) investigated the damage mechaniatithe mcro-scale level, such as the
pressure by the frozen water in the air content. However, owsrobsproject only deals with
concretedamageat the macrescale level, i.e., considering the concrete as a continuum material.
Nevertheless, analytical solutions can be very useful to show the frost resistance of concrete. For
example, ithas been showthat very low air content is needed to protect a-fmwosity concrete.

The required air space is about 0.8% in normal concrete and 0.2% in high performance concrete.
Ranning (2001) presented equations of mass loss due to the contraction of air voids, to the
contraction of pore solution and to the thermally induced flow, B&stolini et al. (2004)
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reported that the degree of saturation of the pores has a critical valueq80% of the total
porous volume is water filled) fdhe frost resistance of concrete. Below this value, the concrete
is able to withstand a high number of fre¢zaw cycles, while a few cycles may cause the
damage to concrete above the critical value.

Otheraspecdt addresseth the existinditeratureincludethe macrescale behavioof concrete
under freeze thaw actiontike the loss of strength, modulus, mass, danssen and Snyder
(1994) carried out a comprehensive experimental study on the-treezeaesistance of concrete.
The results provided the bador determining the potential benefits of using concrete sealers to
mitigate or prevent the development ofcEacking in concrete pavements constructed using
nondurable aggregatekiu and Wang (2012plso studiad the stressstrain relationship of the
concreteundergoingrepeated cycles of freeteaw. However, nany important questions still
have yet to be answerddurther, nost of these works provide only qualitative knowledge. The
experimental works by Amini and Tehrani (2011) investigated the combifext of waterflow
and salt on deterioration of concrete under frebag cycles. Weight change and compressive
strength were measured and regression functions for these specimens are giveation 2@
and 28:

W,

loss

=0.887CN + 4793790V + 26.122¢5- 21611 R? =0.693 2-7)
CSL=1.1480N + 6821440V +23951C5- 299019 R? =0.729 (2-8)

where: N is the number of cycles; W is the watement ratio; and S is the nominal value of the
presence of saltwater (0.586 forWand 0.375 for CSL)Results show that the presence of
water flow and saltwater incread the deterioration of concrete, resulting in larger compressive

strength loss.

Jia et al. (2010) obtained several regression functionsatiéos 2-9 to 2-11) for concrete ira
a laboratoryenvironment, including compressive strength, tensile streagthelastic modulus.
They also reported that the ratio of the number of syolethe laboratory and the real
environment is between 1/10 and 1/15. The mean average is about 1/12.5, which means that one
freezethaw cycle in an accelerated test is equal2d cycles in real conditions. Thus, if the
freezethaw cycles in Michigan is 150 per year, the number of cycledahoratory studyis 12
(150/12.5=12). For a given year of t, the number of cycles in a laboratory environment (N) is

equal to 12xt.
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f_(t) = 47.583 000N

(2-9)
f (t) =3.5145% %% (2-10)
— -0.003'N
E.(t) =89.75% (2-11)

Note N is the number of cycle in the lab environment, assuming equal to 12xt in Michigan.

In spite of the literature review just presented, the regression functions from the noted studies
are not suitable for direct use in quoject because of the difference in material properties and
environmental conditias Numerical methods to investigateeezethaw effecthave also been
proposed but they cannot be used in the proposed framewdithe best wayor implementing
freezethaw deterioration models within the framework develapthis project is to get
regression functions for each region in Kligan so that the changes in concrete atnlaero
level can bedescribed like the decrease in compressive strengtlgstic modulus, etc. Then,
those material properties can be updatearly by the modelAnother recently proposed model
for predicting feezethaw effects as also recently proposed by Cho (2007). However, the model

is not suitable for thproposed framework

Another difficulty in finding generalfunctions for theesponse ofoncrete under freezbaw
actiors is that there are too many different typescofhcreteKelly and Murphy (2010) studied
the influence of different mix designs on the fredzewv resistance of concrete. Existing
literatureon freezethaw actioncontainshigh strength concrete (Jacobsen aeteSold 1995),
recycled aggregated concrete (Zaharieva et al. 200d{rete with different pore liners (Basheer
and Cleland 2006), agntrained concrete (Shaeg al.2009) and alkalactivated slag concrete
(Fu et al. 2011), etcThus, even iffunctions that described the maacalebehavior due to
freezethaw effects they could still not be used igemeral wayfor the purpose of muknodal

degradation prediction in the framework developed under this.study

2.4 Summary

A literature reviewon the deteriorationrmechanisms and modeling approaches thesEBIC
structures wagpresented Three major causes of deteriorationRC decls were recognized,
including chloride induced corrosion, carbonation and freeze thawas noted that chloride

corroson is the major cause. Carbonation will be considered as another ieffinet current
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study butfreezethaw effects will be not incorporated intalegradationmodelng scheme
Existing analyticalmodels forthese three mechanismerehighlightedand compeed. A review

of existing programs developed for concrete durability modeling emsluctedand their
advantages and disadvantages were summarized. From this review, perceived limitations were
identified in order tochoose suitable models arid improve the accuracy of service life
prediction Therefore, lhe selectionof mechanistic models for degradatiasbeing aimed at: (i)
considering multmechanisms,and (ii) improved modeling ofcarbonation and chloride

corrosion The selectednechanistic modelare presented in detail the next chapter.
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3 LOCALEVEMECHANI| SDIHGRADATMODNEL I NG

3.1 Seleced Mechanistic Models

The mechanisticmodebk chosen for the prediction of chlorideduced corrosionat the
local/cell levelarebased on aepresentative volume element consisting tfiek-wall concrete
ring that encapsulates a reinforcement bar. Mibelelgeometryonly approximatsthereal stress
conditiors. However, it can be regarded as a critical sectioa lmidge deck domain because
cracks always propagatdongthe shortest path from the rebarthe free surfaceThe ®lected
deteriorationmodel at the locallcell level improves onthe noted shortcomingsf analytical

models and commercial software that summarizechigpter2 in the following ways:

@Fi ckds s e cstilrusedtd estinata thecorrosion initiationtime due to its
convenience. Timeependent effects on key parameters (surface chloride content,

diffusion coefficient etc) were taken into accoutd improveaccuracy

(b) The propagation periods divided into two sub phases, rust production and crack
propagationAn improvedthick-wall cylinder modelproposed by Balafas and Burgoyne
(2010) was usedThree new aspects this models are (1) a new formalan to estimate
rust production and consumed masscbgnbining two well accepted theories (Faraday
Law and LiuWeyes formula); (2) a new volume compatibility conditioa usedto
determinethe pressure due to rust accumulatiand (3) a fracture mechanics approach
ard strain energestimatesare applied to determine the timequired to producsurface
cracking

(c) The tick-walled cylinder model also takento accountthe nonlinear behavior of
concreteas proposetly Pantazopoulou and Papoulia (2001). Two importaninagsons
in this model are thahe concrete coveretainsresidual strength aftets tensile strength

is reached anthatrust productsredeposited into the concrete cracks

(d) Postcracking behaviornis consideredby estimating thecrack width onthe concrete
surface.Nevertheless, most of the analytical and empirical functions confirm a linear

relation between the loss section of rebar and the propagation of crack width.
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Althoughthe omission osome factorgan resulin a poorestimae of service ife, it should
be emphasized that moodel isperfect,since they are albbased ora set ofassumptionsilt is
obvious thatt is very difficult to incorporateall of thefactors inthe chlorideinduced corrosion
process. Therefore, the analytical modelere chosen with consideration of ease of
implementation in a framework for |Héme prediction and durability modelinghe key model
parametes aregiven as shown ifrigure10: (1) T1: the time of corrosion initiation dbe rebar
surface;(2) T2: the timeto cracking initiationat theinterface betweeroncreteand rebarand

(3) T3: the timefor crackingto propagate tthe concretesurface

Reinforcement

Diameter Dy’ . ) )
Ry Zon (1) Chloride Diffusion

Thickness ‘d,,’ Time of corrosioninitiation (T1)

surrounding (2) Rust Accumulation
Concrete  Time of crack initiation (T2)

(3) Crack Propagation

Time of crack to the surface (T3)
’
‘C" : Clear Cover

Figure 10 Concretering model and three-phase corrosion process & local/cell level

3.2 Flow-chart of Cell-level Modeling and Key Parameters

The simulation process for chloril@duced corrosion isummarizeds a flow chart irfrigure
11 The input for the modeis listed at the top right corner, mainly concerning the material
properties of concrete and reinforcing steel. The model is ableraade time-dependent
information on the chloride concentration at the bar surface, the mass change (consumed in bar
and accumulated in rust, changing volume (in concrete, bar and rust), the pressure generated at
the concrete/rebar interface, the straimergy in the concrete ring, the crack width, etc. The
simulation was implemented in a computer program written in MékithWorks 2011) The
output consists athe threesignificanttimes(T1, T2, and T3, seEigure 10) alongthe service

life before first repair
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) KEY INPUT
Cy ingress from top of cover, evaluate C; ¢ Cover thickness
ick’ nd 1
at rebar surface by Fick’s 2™ Law S C,, Surface chioride content
NO i Ci, Chloride content
Ci2Cip Cy, Threshold content
B f'., Compression strength
1 < YES f;, tensile strength of concrete
- _ - ’7 Gr, concrete fracture energy
> icorr (Corrosion rate) < d, rebar diameter
N/ K, Rust modulus
AM (Changed mass in steel and rust) T, temperature range
D H, humidity range
AV (Changed volume for each part) \
W/ AV, + AV, = v, Governing Equationl"
p (Pressure on concrete cover) < |
W
pzf
YES| T2 & NO
Y W
SE (strain energy in each part of ring model)
* The cracked part of the cover concrete; Double ring model:
* The compressed rust; < Cracked inner cover
* The laterally compressed steel. Uncracked elastic part
* The elastic part of the cover concrete;
Y
G (Total energy release rate in ring)
NO v
G = G, YES T3: Concrete Cover Failurelll

[1] Balafas, 1., and Burgoyne, C. J.(2011). "Modeling the Structural Effects of Rust in
Concrete Cover", ASCE J. Eng. Mech. 137(3), 175-185.

Figure 11 Flow-chart for service life prediction due to chlorideinduced corrosion

The ime of thecorrosioninitiation (T1)i s det er mined by Fickos 2n
assumed to initiate at the rebar surface when the chloride content reaches a threshold level.
Concrete coveacts as physical barriethatprevents direct exposure tfe reinforcement tdhe

surrounding environmenincluding the negative effects afeicing salt, seawater, et8ince
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diffusionis regarded the primary governing mechanism c k 6 s sisapptied tbestimatev

the corrosion initiationperiodby Equations-1.

6add 6 p A C‘)—;CVI|E= (3-1)
Note thatCy = surface chloride concentration;5chloride diffusion coefficientandx = certain
depth iro theconcrete coverCorrosion in the reinforcement bar will initiatdhenthe chloride
concentratioratits surface reactsat hr eshol d | evel . Byinaninvexse ng Fi
mannerthe time T1 can be determindm Equation 32:

) -
0 (3-2)

Note thatc = depth of concrete coveandCy, = threshold level of chloride concentration

However, it should be noted thie useof Fick& second lavassumeshat concrete has a
constant diffusion coefficient and constantsurfacechloride concentration over timeThe
drawbackf this simplified approachcanbe curtailedby considering those key factors as time

dependentariables

Surface ChlorideConcentrations(Co)

The surfacechloride concentration(Cy) was consideredo be dependenbn the concrete
mixture andthe exposure condition (Song et 2D09). Kassir an@hosn(2002) reported thahe
data collected biiu andWeyers(1998) clearly showed that, increases wittime. Clearly, Cy
should bea time-dependentariable becausea concrete decks cyclically exposd to deicing
salts over a gien year An early suggestioio consider surface concentration adirae-
dependenparameters to express it ggroportional to the square root of time

A general accepted knowledge is tltaé maximum chloride concentration is not at the
concretesurfae butat a certain deptlivelow theconcrete covertypically 0.5 inches(13 mm)
below the concretsurface (Fanous and Wu 2008hloride concentratiorcontentrefers tothe
amount offree chloride ios in pore solution.t is not accurate to consider surface chloride
content asa constant however,chloride concentration reaches a maximum valua egrtain

concretadepthsuch that itan be assumed quasinstant after exposure.

29



Chloride Diffusion Coefficient (D)

The diffusion coefficient(D) is another key parameter for accuratedeling of chloride
transport Many investigations have proved that D is tioependentas it varies withboth
material ancenvironmentafactors. For example, Lin et al. (2010) presedtaition of D by a
multifactor lawthat accouns for the dependencen the temperature level T, the ageftthe
concrete structurethe moisture saturation degre® the decay dof concrete structural
performanceetc. However, environmental data is hevdneasure for all bridge€n the other
hand, many researetorksalsodescribeD as a constant in function ofaterialpropertiesdue to
the lack of field dataat the referred conditionsSong et al (2009 noted thatthe diffusion
coefficient of concree is different forthe original and repair material§ herefore Equation 33

and 34 areapplied in the prediction model.
\ 8 g r Ty ’ e r
00 OyO— hO MO ocmQWI i (3-3)

8 .
00 0;0— HM® ocmwQOI | (3-4)

where Dw/c is the diffusion coefficient at a reference titngequal to 28 days which is a
function ofwater to cement ratio wid/u and Stewart 20Q0Dw/c=10"1206"24W0. 1 i 28 days
andthet limit is 30 years

Chloride Threshold Level ()

Previous research has recommended thatritieat chloride contento initiate corrosiorcan
be taken as constantHowever, the recommended values a wide rangdrom 0.2% to 1.5%
by weight of cementor example, Song et al. (2009) dde2 kg/m* and 2.0kg/m>as the critical
valuefor black steel barsZemaijtis(1998) reported thatoncentratios of lessthan 1.42 kg/m
are acceptable for bridge decks, while replacemétite deck should occuwhen the chloride
contentreaches 2.8 kg/mOther esearchergKirkpatrick et al. 2002, Fanous and Wu 2008)e
have determined chloride threshold levelsdpoxycoated reinforcing (ECR) bavsith typical

values ranging from0.7to 2.2 kg/nf.
Corrosion Rate (}orr)

After the chloride ions (G) reachthe reinforcement surface an electrochemical reaction

starts followed by a reduction in bar diameter and then the accumulation of rust product around
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the bar. Theime to crack initiation T2) is determined whethe pressure at the interface of
concrete over and rebar reach the concrete tensile streigth( A/cm?) is one of the most
importantparameter$or modeling therust diffusion procesand the key factor to determine the
T2. The most frequently usesmpiricalfunction forl¢.is the oneproposed by Liu and Weyers
(199&) in which @rrosion rate is dependeon chloride contentemperature and resistance of
the concrete coversee Equation 35 and 36. Balafas and Burgoyne (2010) examined the
environmental effect ononcretecover crackingdue to chloride corrosioandreported thatco

is lowest at miesummerandhighest at end of autumn and the beginning of spring.

N WnAD® X ™ ¢ P ipd b — MTnnPYRL cvWw & (35
Yr o®oPQ 8 p AG® um 0 (3-6)

Note thaticor = the corrosion rate (A/ff), Gy = the critical chloride content (kg/f), T =
temperature at the depth thie steel surface (K), £ thetime from initiation of corrosion (yesy,

andR res= the ohmicresistance of the coveoncrete (ohmsas a function of relative humidity
(h).
Change of Mass in Rebaf\{s)

The consumption of rebar madsring the corrosion process has been determined in two
ways. The first isa constant rate of rust productiancording toFaradags Law. However,tiis
known that Far ad asgigmeliamassuossdatlowecertosiomsiel® 5 %)
andoverestimatethe lossat largecorrosionlevels ( O 1 0T¥d second methdd a non-constant
rate consideratioas poposed by.iu and Weyers (1998. A recent investigation bBalafas and
Burgoyne (201) combined botlof these methodbased on test resul(seeError! Reference
ource not fourd.). Two detailed phases in corrosion propagation mechamsrerecognized
as kinetic and nonlinear diffusion. Rust productionthe kinetic phase is regarded as linear
whereas in the latter phaieerate of rusiaccumulatiordecreased when tl@mountof corrosion
is too large to ignoreBy comparirg thesetwo functionsof corrosion rate the consumed mass
initially kept constant folloving Faradags lawand is therevaluate by Liu-Weyers functionsee

Equation 37:

0 i EBH FUh (3-7)
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NOte: MS,FL = 18'254@ CR ("Dcorr @(kg/ m)’ I\/ls,LW = \/8392ch .@corr CD(kg/ m)
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Figure 12 Steel consumed and rate of consumed mass versus time differeuies

Pressure on Concrete Cover (p)

It is reasonable to assuntieat at an early corrosion staga linear expansion of concrete
occus due to the pressure generated from the redmarosion products Test results by
Malumbela et al. Z01]) estimatedthat a 1% mass loss of steel correspondsatonaximum
corrosioninducedcrack width of0.0016 in. 0.04 mm.) As the volume of rust increasethe
critical time for firstcrack occurrencés when the tangential stresxceed f.. The pressure
actingon the concrete can be fouraly consideringequilibrium of the volume changeRalafas

and Burgoyne 201(®s indicated by Equation&
Yo Yo Yo (3-8)
Note: &/, &8/ anda&V/c are thechangsin steel, concrete and rustlume respectively
Cracking Width (w)

From the reviewthe function from a 23 year chloride exposure test was selected as the linear
function to define the post cracking process, as gayequation 39.

x T WY T T (3-9)

Note: ws= the surface crack widtlandaaAs = the average loss of rabcrosssection
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3.3 Prediction Results

The pedictionresuls presented hereere obtained foa singlecubic block selectettom the
whole deck domainSince transverse bars are more important than longitudinal bars for strength
of thedeck, the side with a transverse bar inside of the cubic maskhosen for investigation.
Thereforethe 3D problemwassimplified to a 1D problem by selecting a critical crgsstion,
which is a thick wall cylinder model with concentricbar. According to MD O T &tandard
bridge slab desigguidesthe minimum clear coveor transverse baris 3 in. (76.2 mm)A #6
barwaschosen fothetransverse bailable5 lists the otherkey parametersvith typical values

for this deterministic analysisTheresultsare shownn Figure13to Figurel18.

Table 5. Model inputs for cover cracking evaluation

Variable Value Notes
Co, surfacechloride concentration 3.5(kg/m3) Typical mean value
D, diffusion coefficient (nf/s) D=Dw/c(t/t)*? Time-dependent
C, concretecover 75.6(mm) 3in.
wi/c, water to cement ratio 27/(fc/1000+13.5) Vu and Stewarf2000)
Cin, Threshold value 1.2 (kg/m3) Typical valuefor black bar
fc, compressive strengtf concrete 31.5(Mpa) 4.5 ksi
Ec, elastic modulsiof concrete 32.4(Mpa)
3c, Poi ssdicoiceter at | 0.2
ft6o, tensile stren 3.4(Mpa)
} sweightdensity of steel 7850(kg/m3)
d, diameter of reinforcement 19.05 mm (0.75in Bar Size 06#
3, Poi ssambars r at i 0.3
Annual atmospheric relative humidity 40-85% (min, max)
Annualatmospheric relative temperatur -5~35°C (min, max)
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Figure 13 shows thatorrosionat the bar surfacmitiates at 21 years (T1) wheihe chloride
content reaocts the thresholdlevel of black steel bar1(2 kg/m®). Sincerust takes time to
penetratento the concrete pores, craicg at the covebar interface did not immediately initiate.
Figure 14 showsthat corrosionrate varies with changas annual temperate and humidity.
Figure 15 shows that crack initiation is predicted at 24 yea®.(It alsocan be seem Figure
16 thatthe crack initiates at the bar radi{®525 mm and then propagategth increasing rust
product pressure buildupigure1l7 shows how the crack is predicted to propagagestepwise
form toward the surface of the concrete covethaenergy release rate Gr reaches the concrete
fracture energy limit (0.12 Mpa}).he progression of the crack width at concrete/rebar interface
is shown inFigure18. The model also predicts that the time for the crack to reach the surface
(T3) isequal tod9years 1795 days)
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Figure 13 Chloride profile at the surface ofrebar versus time
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Figure 14 The time-dependentcorrosion rate
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Figure 15 Pressure at interface between concrete anebar
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Figure 16 Crack propagation from the rebar surface tothe crack front
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Figure 17 Total energy inthe concrete ring
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Figure 19Influence of G on the service life ofa bridge deck



This example shows that the selected analytical models can prasediél informationfor
degradation modeling, especialhe time forcracking to reach the concrete cover surf#cean
be agreed upon th#tte material and environmental propertiesh&f wholedeckdomainare not
thesame. For example, the surface chlogdatent is clearlylifferent due to thelistribution of
deicing chemicals Therefore the input datauncertaintymotivates the need for probability
basedanalysis anda reliability index to better assess theondition ofa bridge deck.In this
exampleof prediction at théocallcell level,Co wasassumed to ba constant, but obviously it is
a timedependent variablthat also varies throughottie deck.Figure 19 presens the result of
T1, T2 and T3 for differenC, values(from 2.0 to 10 kg/my with 0.5 kg/mi increments).
Obviously, T1 is a function of & becausdhe time to corrosioninitiation is calculated from
Fickds second | aw. Tebetween oihes time gpa@l apchT2,fTRand nt c h
T3), which depend on environmental degadother material propertigand design featurdse
concrete coveandbar size A similar trend can be observed Kigure 20, wherethe depth of
concrete cover is a variable. It is worthingtthat concrete covatoes have significant effect
on the entire period of service life. Therefore, the servicaniteertain pa of bridge deck will
drop vey fast when concrete cover is reduckeet tosurface crackingscalingor spalling.
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Figure 20 The influence of coverdepth on time to surface cracking (T3)

38



Figure 19 and Figure 20 shows the need for a probabiltlgasedanalysis with random input.
Based on theelecteddeterministiomode] the entiremodelingprocesseeds tde repeatetbr a
largenumber of samples., 1000 times)so that thegrobability failurecan be estimated.he
only random input was ¢With a mean of 5 kg/fhand a standard deviatior b.5 kg/n?. At the
singlecell level, there is no need to evaluate the structural dimension for bridge deck, since the
deck was simplified to just oneell/block. An interesting comparisoof the results foblack

steel (BS) rbar andepoxy-coated ebar(ECR) is shown inFigure21to Figure23.
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Figure 21 The distribution of corrosion time (T1) for BSamd ECR
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Figure 22 The distribution of crack initiation time (T2) for BSamd ECR
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Figure 23 The distribution of different surface cracking time (T3

The threshold value for corrosion was set at 1.2 Kgon BS and 2.2 kg/thfor ECR. Figure
21(a) shows that most dhe corrosion in blackebar is predicted to start around 7 years. Use
ECR slows down the corrosion process for almost 10 years at the bar surfasgefesingto
find that T2 hada very similarfrequencyasT1, seeFigure22. The reason for thigesultis that
the gap between T1 and T2 is relatively short and the influence of random input on T2 is small.
As for T3 inFigure23, the distribution has a wider range 6€R than black steel, but the time
to surface cracking in both cases still exhibits a normal distribution. The most freqiuenf
T3 for black steel is 30 years whiler ECRit is about 36 years. Actually, it seems that ECR just
delays the initiationof corrosion, but higher chloride content thie bar surface will also
accelerate the corrosion rate later in the process, as shoWwigure 24. The results seem
ressonableupon comparing to the statisticahalysesy Winn (2011)and Winn and Burguefio
2012) which also indicatihattime T3 for damage (ocracking for BS was around 30 years and
that ECR could extend service litg about 5 to 10 years.
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Figure 24 Cumulative Damage Index (CDI) at T3

3.4 Discussion

Mechanicsbased models from the literature were identified and a -fiinegsse corrosion
process was chosen for adoption in this researgject The model describes chloriderrosion
including diffusion, rust permeation and crack propagation. Based on the summary of key
parameters in the noted phases, a fahart forthe numericallyimplementation othe model
was presented(see Figure 11). A computer pogram built on the Matlab environment was
developed to predict the service life of RC decks due to chloride ingféss.selected
deterministic models improves on the notéxke Section 2.1.2fhortcomings of existing

commercial software for service lifgediction

Available chlorideinduced corrosion models are able to provide #tapendent information

on important parameters and features of this important degradation process, including chloride
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concentration at the bar surface, change of madkeroroded bar (consumed in bar and
accumulated in rugtchange in volume (in concrete, bar and rust), pressure at the interface of the
concrete and bar, strain energy in the surrounding concrete ring, and crack width. Thus, the
models can provide three meagiul time estimates relevant to the degradation and condition of

a reinforced concrete element: the time to corrosion initigfldr), the time to crack initiation

(T2), and the time to crack propagation to the surfaca.

However, it should be emphasil t hat there is no fAperfecto
based on diverse assumpticarsd all models have limitations by virtue of the assumptions on
which they were developed-or example, the diffusion process is a very complicated
mechanicathemicalthermalc ou pl i ng pr oc e s svaschbsercfardhs precess ond |
because in spite its simplicity it provides reasonable results and it isuitadtle for this project.
Clearly, he service life prediction modelingould be mproved by using more accurate
deterministic models at the cell lev&he example of statistical variance of some key parameters
shows thatdeterministic modalneed to be further investigated by considering uncertainty in
their parameters. Thus, a probabilistic analyswas conducted by using the presented
deterministic model with consideration of random in@und it is the subject dfie next chapter
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4 GLOBALEVEHROBABI LDEGRADATMONDNELI NG

The proposed framework for deck degradation modeling consists of lzalphty-based
analysis through Monte Carlo simulations (MCHB)e MCS is a general method where a desired
response is determined by repeatedly solving a mathematical model using random samples from
aprobability distribution of inputs (Kirkpatrick et £&002). A similar work by Firouzi and Rahai
(2011) investigated the likelihood of degradation due to chloride ingress by random sampling on
a hypothetical deckln order to mitigate the uncertain effest of material, structureand
environmeninputson timeto failure probabilistic modeling providea more reliable prediction

thanadeterministic model

4.1 Monte Carlo Simulation

Reliability analysis has been discus$edlife-cycle cost design ofleterioratingoridge deck
(Frangopolet al. 1997, Steward 2001). The general methodologynfintenanceroposed by
Estes and Frangopol (2001) cansuenmarizedn threesteps as showm Table6. It contains
deterioration cost,and decision modgFrangopol et al. 2004).

Table 6. Optimization the lifetime maintenance of a deteriorating structure

Step 1 Deterioration Step 2 Cost Step 3Decision

Input data; Inspection methods and cost{ Optimization criterion and

Mechanical model of Repair options; imposed constraist

corrosion; Probability of occurrence; The timing of inspections

Criteria of structural failure; | Event tree for all of repair an Updated field information
no repair decision

The methodologyncorporateshetime-dependent reliability analysis ftrewhole RC bridge
deck domairby utilizing an appropriateumber of randonteterministicanalyses. Ideally, the
entirebridge domain should be divided intequalelemens with concrete cover and one rebar,
according to the number of lsan thetransverse (m) and longitudinal (n) direcsarf thebridge
deck. The minimum number of elemenit should be equal ton multiplied by n. Stewart and
Mullard (2007) proposea similar idea for service life prediction befotiee first time repair,

which considegd the bridge deck as a 2D domain adiscretizedit into k identical elements.
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Once thedomainhas been defined, Monte @Garsimulatiors can generate stochastiandom
input sanpled from probability distribtions for eachcell, usinga parametric or simple bootstrap
method A largenumber of sampleseed tobe repeded to solve the given modelfor the input
variables(Kirkpatrick et al. 2002)In reality, the analysis contains many randeamiables, so

that the precision dhesimulation is based aienumber ofiterations

NN K {.‘rn’afs:lj. g 100 INPUT
- o Length of Deck
> M (The number of cells) < Widtgh of Deck
W Spacing of langitudinal bar
— i Total number of 75 vears) spacing of fransverse bar
W Material:
Evainate Ct at bar surface by Diffusion | Cg, Cth, fic
Mode! [Ci=1. 2 kgfm3) and Find TT - wic, Ec, ft, vo, Gf
W fz, Exs, ws, Kr
Frobability of corrosion In Year! Structural: ¢, Db
T Environmental: h, T
- Cumulative probabiity = 1.0
NO \L{ YES ouTPUT
Mectanical Mode! (G 0.12Gpa) Ty corosion initiation at
rebar surface;
) T2 cracking initiation on
T2 and T3 for one call L the interface of concrete
¢ cover and rebar
T3 cracking on the
T3 for eveny cell in entire deck surface of concrete cover
v w: crack width at surface
Cumulative Damage cunve of one izl
W

MNEY Rating

W

Curmative Darmage bownd for gif the trials

Figure 25 Flow-chart for Monte Carlo Simulation

The complete mbabilistic modeling process ssimmarizeds a flow chart irFigure25. The
process starts by calculating the total number of cells on the deck domain. Th&€rndeekis
divided into a large number of cells based ondéekreinforcement spacing in two directions so
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that the mechanicaleterministicmodel can be used for eacéll. Note that the four key random
inputs (G, ¢, &, Dy) are considered to be normally distributed, while the other inputs are
regarded as constants with a typical value found from the liter8teenext step is to calculate
the orrosion time(T1) for eachcell based ora random distribution o€, for eachyear The
selected range off@vas from 2.0 to 8.0 kg/frasmean valueThetime T1 in for each year was
cal cul at edLawyA cikmulativeddamage index (CDI) curve of the deck is calculated
based on the predicted time to sud cracking from athe cells

4.2 Statistical Random Input

An accurate deterioration modelay result in a wrong prediction due &rors associated
with statisticalinputs The accuracy of the model is depended on well selected inpluding
structural, material and environmental data. daeerioration levebf bridges in Michigan varies
significantly, not only with geographical location but also depending on bridge trafficinde
application policy etc. The keyrandom statistial parameters fothe Monte Carlo simulation in
this projectwere Cop, (Surfacechloride concentration c, (Concrete covér Dy, (rebar diameter),

andf 6c (concrete compressive strength)

Table 7. Statistical valuesfor Cg in published literature (kg/m3)

Literature Mean | COV | Distribution Notes

Stewart and Rosowsky (1998 3.5 0.5 Lognormal | Varied from 1.2 to 8.2

Lounis (2003) 4.56 0.4 Lognormal

Stewart et al. (2004) 3.78 |0.067 Normal 1.08% weight

Stewart and Mullard (2007) | 3.05 | 0.74 Lognormal

Lu et al. (2011) 2.85 0.5 Lognormal

A debate still exists on whether some statistical \&dheuld be regarded as constant or time
dependent variable, particularly ony @nd Cth Cy, was considered as tintependent and
cumulativewith time, because concrete delecyclically exposd to deicing saltsAn accepted
knowledge is that chloride content increaspidly and reachsa maximum value at a certain

depth of concrete coverge., 12.7mm (0.5in.) from the surface (Fanous and Wu 200B)is
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meansthat the deck surface is subjected to changing volume of applied saltghbatithe value
reaches a quasbnstant in about 5 yearsatertain depth (Lounis 2006 typical rangefor the
US reported inthe literature is 1.2 to 8.2 kg/fnwith a mean valueof 3.5 kg/n?, seeError!

eference source not found.
Key Parameter: Cth (threshold chloridevel)

Road surfaces before 19¥&ere built without corrosion protection and bridges built before
1985 have little or no corrosion preventigntypical range fora threshold value in US is from
0.6 to 1.2 kg/m3. Some literaturkikpatrick et al. 2002, Fanous and Wu 200)s considered
theuse of epoxycoated reinforcing (ECR) bars and typical valaeCth forECRbetween 0.7 to
2.2 kg/nt havebeen suggestedypical valus for Ctharepresented ifTable8.

Table 8. The statistical value for Cth in literatures (kg/m°)

Literature Mean or Range| COV | Distribution Notes
Stewart and Rosowsky (1998 0.9 0.19 Uniform 0.61.2
Kirkpatrick et al. (2002) 0.6~5.5 - -
Lounis (2003) 1.35 0.1 Lognormal
Stewart et al. (2004) 1.4 0.125 Normal 0.4% weight
Fanous and Wu (2005) 0.73~2.19 - -
Stewart and Mullard (2007) 2.4 0.2 Normal
Lounisand Daigle (2008) 0.7 0.2 Normal 0.6~0.9
Lu et al. (2011) 0.41.0 0.247 Uniform

From thedata presented in thables aboveit can be seen thdhere is mucldebate on the
correctness of dataince the dathas beembtainedfrom different laloratoriesand fieldtesting
The best way to find the informatidar the current project would ks to look into the MDOT
databasgefor example, all the chloride concentration measurenfemts concrete cores. lthe

data isnot available, at least an@ppriate range must be selected under certain assumgions.
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list of all inputs along with their typical values or rangestf@Monte Carlo simulatioims given

in Table9.
Table 9. A proposed material data selection for model inputs
_ Variable :
Item Variable Typical Value or Range
Type
Surface chloride
Co . Random 2 to 8(kg/m3)
concentration
1.2 forblackrebar, 2.4&g/m3 for
Cin, Threshold value Constant g
ECR
76.2mm (3 in.) £ 11mm, 15%d
¢, Concrete cover Random (3in.) . °ou
to construction
fc, compressive strength of 28 Mpa (4.0 ksi) to 39Mpa (5.0
% P g Random pa( .) Pa(
5 concrete ksi)
c
S 3cc the Poiofss
Constant 0.2
concrete
_ 27/(fc/1000+13.5), Vu and
wi/c, water to cement ratio | Dependent
Stewart (2000)
D, Diffusion coefficient Dependent D=Du(tr/t)>? (cm?/s)
Ec, elastic modulus of 4.73 (fc)*? in GPa where fc is ir
Dependent
concrete MPa
ft6, tensil e s1{ Dependent 0.64 (fc)*2, where fc is in MPa
_ _ #05 bar 15.62 mmt 1.5mm, 10%
d, diameter of reinforcemen{ Random .
o due to construction
@
§ Es, elastic modulus Constant 210Mpa
35, t he Poiofbarog Constant 0.3
} s, the den Constant 7850kg/m3
- Er, elastic modulus Constant 60 Mpa
0
z 3ar, t he Poiofdar o Constant 0.485
Kr, bulk modulus Constant 0.667Gpa
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In Table9: random variableefersto data witha probabilistic distribution; Cth is considered
as constanthatdepend on rebar type; fc is considered as a tdependent valuthatdepend
onthe deckage;andd depend on different deck dimensienConstantvariablesinclude factors
that can be altered or chosen as a single value in practice, while dependent variables vary with

the changes in random variables.

Highway bridges are obviously ittuwith different structural propertieStructural data can be
categorized byge,route, bridge type, length, widtkic. The proposed method for whole deck
domain is based on the Monte Carlo simulation, which utilizes a deterministic mechanical model
at local/cell units with random input from probability distributions. The number of iterations can
be based on structural dimensions as showrabie10. A typical renforcement arrangement in
Michigan bridges consists of No. 6 bars spaced at 254mm (10 in.) for the top longitudinal
reinforcement and No. 5 bars spaced at 229mm (9 in.) for the top transverse reinforcement.
According to the number of bars in the transggis) and longitudinal (n) directions, the whole
bridge domain is divided into i equal elements with concrete cover and at least one rebar inside.
Table10shows two examples, the blue one for a short span bridge with 2 lanes while the red one
is for a longer span with a wider deck. It is reasonable that more iterations need to be run for the
latter case. Therefore, each cell in the deck domain (global) Ipx@lidesa series of time

dependeninformationthrough thegiven locatlevel mechanical degradation model.

Table 10. Estimated number of MCS iterations for a given bridge deck

Length 10m 20m 30m 40m

Width n|lml i n|mj| i n | m i n | m i

10m (2lanes)| 35 | 43| 1505| 35 | 87| 3045| 35 | 131| 4585 | 35 | 174| 6090

18m (4lanes)| 70 | 43|3010| 70 | 87|6090| 70 | 131| 9170 | 70 | 174| 12180

27m (6lanes)| 105| 43 | 4515| 105| 87 | 9135| 105| 131 | 13755| 105| 174 | 18270

Note:n is the number of longitudinal bar; m is theawber of transverse bar; i is mx
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Environmental condition mayary significantly depending on their geographical location
which canhave a significant effect aime amount and frequency of deicisgbstanceandthus
the level ofsurface chloride conter{fFrangopoland Akgul2005) In the selectedmechanical
model by Liu and Weyers (1988 corrosion rates depended on chloride contetamperature
and resistance dhe concrete cover, whereoncreteresistance islsoa function of humidity.
Therefore, the corrosion rate is lowéstmid-summerand highest at end of autumn and the
beginning of sprig (Balafas and Burgoyne 201@&nvironmental dta can be founddm many

public online resources

4.3 Prediction Results

Based on previougredictionresuls at the cell levelKigure23 andFigure24), it can be seen
that the time to surface cracking different for a single cell due to he variance of surface
chloride concentrationHowever,the deterministicanalysiswas performedht the cell levebn a
single cubiccell/block that was selectedrandomlyfrom the deck domainin this sectionthe
probabilisticanalysesare carried out oan example RC deck hadengthof 8 m (26 ft)anda
width 3 m (9 ft). Typical bar spacing fothe top transverse bais 229mm (9 in.) Thus, the
length of deckvasdivided into35 segmentalong the lengtland 12 segmentslong the width
according taa typical spacingpf 254 mm (10 in.)for the top longitudinal bardAs a result, the

RC deck hd a total of420cells with one bar insideachcell element.

The four key random inputs were,C ¢ and D.0All these inputs were considered as
normally distributed. The mean and standard deviations were [5,kiy&| for Cy, [76.2, 11]
mm for the cover, [31.5, 1.7BIPaf o ¢, and f15.875, 1.58] mm for Drespectively. All the
cells had the samey(; temperature, humidity, rust properties, etc. The distribution of inputs for

the entire deck is plotted Figure26.

The time to surface cracking forcall can be foundy executing the mechanistic model0
times. Each deck can have a contour of T3 as showigure27. Thetime T3 for everycell is
given by the contour levels, where the darker areas indicate earlier cracks on the surface. The
distribution of T3was calculated similar to theell level. A cumulative damage indexCDI)
curve for onecel was thenestimated. The entire deck simulation was run 10 times so that 10
similar CDI curveswere obtainednd its mean value curweasfound as shown ifrigure 28.

Due to the influence of random inpuEsgure28 shows upper and lower bounds on the predicted

49



CDI. This is an importantfeaturefor assessment purposkscause the percentage of cracking
area can bemapped tothe National Bridge InventoryNBI) rating system(MDOT 2006)
According to the NBrating scale for bridge declesdeterioration areaf 2% or less is rated as 6,
while 2% to 10%of deterioration area is rates 5,etc In this case, the deck ratingpredicted

to decrease from sound to fair condition in 17 years, and then drop to grade 4 in 2Fgears.
ratings of 3 or less thdeterioration ofa RC deck becomeso serious so that evaluation and

analysisarenecessary to determine whettige deckcan remain in service
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Figure 26 Distribution of random inputs
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Figure 28 CDI curve and its mean value for 10 iterations through MCS

4.3.1 Single Deck in Different Time of Interest

From the contour of time to crackirfgigure27), it can be seen that the random inputs have

a significantly influence. I'Chapter 3a postcracking function was selected (Equatic8)3and
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the ime ofinterest(TOl) is required as an input at the beginning of the MCS. For each cell, if T3
is smaller tan TOI, the MCS can proceed with the post cracking process until reaching TOI. If
the T3 is larger than TOI, the cell has not crackedTyats, a contouplot of crack widthcanbe

also be obtainedrhe post cracking process of the example deck can tiegfor different TOI.
Figure29to Figure31 show the crack width at year§,230 and 40lt can be seen that the spatial
distribution of crack widths at different TOI varies significanffygure 29 shows that most of

deck is still uncrackeat year 20, while large crack widths are predicted throughout the deck

0.4

surface at year 40~(gure31).
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Figure 29: Contour plot of surfacecrack width at Year 20
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Figure 30: Contour plot of surface crack width at Year 30
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Figure 31: Contour plot of surface crack width at Year 40

4.3.2 One Deck in Different Rgiors

In the following examplethe sameRC deck is assumed to be at three different locafions
Michigan. The environmental data is listedliable11. All decks are assumed built in 1975. For
a year of interest (YOIpf 2012, the predicted crack width contour for the different locations is
shown inFigure 32 to Figure 34. It is noted that the same deck in the rural areSanflt Seé.
Marie in the Upper Peninsula is predicted to be in a very good condition, while a deck in a large
city center or industrial zone is predidtto degrade much fast@us the environmental data
has asignificant effect on the deck deterioration process.

Figure 32: Contour plot of crack width in Sault Ste Marie, MI (Year 2012)

53






