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Computational Simulation d€hlorideInduced Corrosion Damage in Prestressed Concrete
Bridge Girders
Mojtaba AliasghatMamaghani
ABSTRACT

Prestressed concrete is a popular construction material for highway bridges. A variety
of girder span values, craessctional shapes, and prestressing strand layouts has been used in
bridges across the United States. A major concesuidbridges is th@ossibility of corrosion
damage in the prestressing strands or reinforcing bars, which is commonly caused by the use of
deicing salts on the deck or saltwater spray in coastal regions. The present study aims at
establishing analytical tools fdhe accurae simulation ofchloride ingress, corrosion and
mechanical damage (cracking) in the concrete, and for the evaluation of the impact of corrosion
on the flexural and shear strength of bridge girders

First, an efficient athaccurate analytical scheme isrfaulated to enable the calculation
of the loadcarrying capacity oforrosiondamagedjirders. The analyses rely on two types of
models, namely, beam models and nonlinear truss models. Thatatieemed necessary to
obtain reliable estimates of the ahecapacity, as beam models are not salored for
capturing shear failures. A procedure to account for the reduction in area and deformability of
corroded strands, based on visually observed corrosion damage, is proposed and implemented.
The modelsare calibrated andralidated with the results of experimental tests on prestressed
girders which exhibited varying levels of corrosidamage. Further analyses allow the
comparison of the capacity of corrosidamaged girders to that of their undamaged
counteparts. The accuracy of a simplified procedure, using equations in the AASHTO code to

determine the flexural and shear capacity of the damaged girders, detdsnined
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The multiphysics simulation scheme is further refined to account for the corrosion
induced mechanical damage (ddag), by incorporating a phenomenological description of
the electrochemical reaction kinetics, generation of expansive corrosion products, and
subsequent development of tensile stresses and cracking in the surrounding c®herete.
impact of cracking orthe chloride and moisture transpamechanisms is alstaken into
account

The last part of this dissertation pursues the quantification of the uncegaugsning
the chloride ingress in bridge girders, through the use of a stochastic collocaticachpiite
focus is on understanding how the inherent uncertainty in the value of input parameters (e.g.,
material transponparameters, ambient conditions etc.) is propagated, leading to uncertainty in

the evolution of chloride content and the expectedosan initiation time for a given bridge.
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(GENERAL AUDIENCE ABSTRACT)

Prestressed concrete is widely utilized in the construction of highway biidgles
United StatesA significant concern arises regarding potential corrosion damage in the
prestressing strands or reinforcibgrs which is commonly attributed to the apmaition of
deicing salts on the deck or exposure to saltwater spray in coastal rdgimnstudy aims to
develop analytical tools that can accurately simulaentrusion of corrosive agents (namely

chlorideions), and subsequent damageacking) in oncrete. Furthermore, the research seeks

to assess the impact of corrosion onlibaring capacitgf bridge girders.

Two different classes of analytical approaches are pursued. The first class employs
purely mechanical (stress/deformation) models forwapg the strength, deformability and
failure modes of girders with visual corrosion damage. These models rely on two approaches
to capture the flexural and shear capacity of specimens, namelybasach models and truss
based models. The impact of coiorsis established through appropriate modification of the
model parameters, based on the extent of visually observed corrosion damage. The analytical
approaches are validated through a series of experimental tests previously conducted on

corrosiondamagedirders.

The second class of analytical approaches employs-phytics models, to describe
the mechanisms leading to corrosiaduced damage. The models account for heat transfer,
moisture transport, anchloridetransport in prestressed beam sectidvisdel parameters are

calibrated with experimental tests in literature. The computational scheme is used to



guantitatively describe the chloride ingress on bridge girders decommissioned from two
different bridges in Virginia, after 34 and 49 years of mervThe analysis results are found
capable of capturing the actual chloride content at various depths from the exposure surface, as
determined by chloride titration tests. The temporal evolution of chloride on the surface of
prestressing strands indicatbat corrosion has been taking place over a period of time for the

two bridges.

The multiphysics simulation approach is further enhanced to account for the corrosion
induced mechanical damage (cracking), by explicitly incorporating a descriptionreatten
kinetics, generation of expansive corrosion products and subsequent development of cracking

in the surrounding concrete.

The last part of this dissertation pursues the quantification of the uncertainty in the
expected service life of prestressemherete bridge structures. Given the inherent uncertainty
to key values of model parameters, a parametric study is employed to investigate the
propagation of uncertainty to the time history of chloride content at particular locations of the

section and thprobability of corrosion initiation at specific age values.
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Chapter 1
Introduction

This Chapter provides an introduction to the problem at hémelimpact of corrosion
induced damage on the safety and maintenance of prestressed concrete bridge infrastructure is
discussed. Subsequently, an overview of the salient physical mechanismalicgnthe
initiation and evolution of corrosion is provided. The inherently uncertain character of the
phenomenon is also established. The Chapter is concluded with the objectives and the outline

of the present dissertation.

1.1 Overview

Concrete is the nsd widely useatonstructiomrmaterial forbridges, buildings, and dams.
The material combines many advantages, perhaps the major one being the flexibility in
structural form. It is, however, welinown that the tensile strength of concrete is much lower
than its compressive strength. For this reason, it becomes necessary to properly detail regions
where tensile stresses are expected to develop during the service life of a structure. This
detailing most commonly involves steel reinforcing bars or prestressanglsPrestressing is
deemed essential for concrete bridges that exceed a certain span length. In fact, it is noteworthy
that prestressed concrétas been used more thad% of the bridges constructed in the United
States. This widespread utilizatiamderscores its significanagf ensuring the structural
integrity and performance of longspan bridgesAn important concern for prestressed

concrete bridges is the possibility of corrosion in the prestressing steel of the girders, which
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may severely urefmine the lifespan and even the safety of such strucAsetiown inFigure

1.1, excessive corrosion of the steel ultimately leads to significant damage (cracking) in.bridges

Figure 1.1. Chlorideinduced corrosion daagein prestressed bridge girders [reprodut
from (Alfailakawi et al., 2020).

Unless corrosion damage detectedandrepaired in a timely manner, ¢an lead to
failure and even collapse of structurestentially entailing deaths, injuries and significant
economidossedue to traffic disruptionA recent example of corrosienduced bridge failure

is the20@b partial collapsef the Lake View Drive Bridge, shown Figure 1.2.

Figure 1.2. Partial collapse ofLake View Drive Bridgedue to corrosiofreproduced from
(Harries, 2009]).
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The economigémpactof corrosion § hard to overstatdn 2002, the Federal Highway
Administration in collaboration witthe NACE (National Association of Corrosion Engineers
International (FHWARD-01-156) estimated the annual direct costs for maintenance of bridges
in poor condition at $8.3 billion. On the other hand, the indirect costs of corrosion were
estimated at more than ten times that of the direct corrosion ¢b&tannual direct cost is
increasing om yearly basisandin 2020 FHWA reported (FHWAIRT-21-001) a direct
corrosion cosof $13.6 billion In 2019, nore than 47,000 of the 616,087 bridges in the United
Stateswere foundstructurally deficienty the American Road and Transportation Builders
Association (2019 Bridge Reporbtlowever, the pace of bridge repair reached a low point in
2019, potentially endangering lives by allowing deterioration to progr@se United States
Government Accountability Officeound onethird of bridges in th&Jnited Statesusceptible
to corrosion andoundbridgesin need of$125 billionin repair

The loadcarrying capacity of bridgstructuresn coastal regions or thosxposedo
deicing salts is affected by the extent bfaride-induced corrosion damage developed in the
prestressing strandSiven that strands in prestressed bridge girders are subjected to significant
stress, the existence and assessment of corrosion in these structures are of prime importance.

Flexural failure of the corroded prestressed bridge ggdan occur by the crushing of
the topconcrete orupturing of the prestressing strands at the bottom éssthown inFigure
1.3. Depending on the extent of the damagesrosion reduces théexural capacityand

ductility of specimes.
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Figure 1.3. Flexural failure of prestressedconcretebridge girder[test conducted b
Alfailakawi et al. (2020].

The ultimate shear strength of a girder may aksaffected by the extent of chide-

induced corrosion damage

1.2 Description of Physical Mechanisms Leading to Corrosion

Corrosion in bridge girders is primarily attributed to the ingress of chloride ions and
their transport (through the concrete porous structure) to the locations ofrgieigfand
prestressing steel. During the early ages of setting, concrete is characterized by high alkalinity.
This leads to the formation of a thin oxide film around the steel bars and prestressing strands.
The protective film puts the reinforcing steelan passi ve condi ti on, [
natural tendency for oxidation, offeripgotectionagainst corrosion.

As shown irFigure 1.4, thepresence of chloride ions on the surface of reinforcing steel
materials significantly damages the protective filGiven the porous network of concrete
bridges chemical species such as chloride ions intrude in concrete struaturesrsh

environments,leading to the destruction of protective film on the surrounding area of
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reinforcing steel bars, corrosioimcidence and subsequently progression in the rate of

corrosion.
Protective film Chloride ions @ @@
~a
_ OO
| | | N J
\ / film destruction
Reinforcing steel
Before chloride attack After chloride attack

Figure 1.4. Destruction of protective film on the surface of steek, caused by chlorids
attack

Corrosion of the prestressing strands embedded in concrete structures is associated with
electrochemical reactions wherein iron ine$tie converted to corrosion products. Modume
of the corrosion products is greater thidrat of theoriginal steel materidby a factor between
2.0 and 6.4(Youping and Ribard, 1998) as shown irFigure 1.5. The precisecorrosion
producs that are produced dependwamious parameters, some of whantethe pH of the pore

solution, moisture content, and oxygen supply.

Fe(OH) 3H20 I
Fe(OH), I
Fe(OH), I
Fe,0, I
Fe,0, I
Fe O IS
Fe I
(5 i 2 3 4 5 6 7

Relative Volume

Product

Figure 1.5. Relative volume of corrosiveproducts with respect to iron [reproduced fre
Youping and Richard (199B)
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The volumetric expansion dhe corrosion products is restrained by the surrounding
concrete.This in turn induces awelling pressure on the concre@ven that concrete has a
low tensile strength, the volume expansion of corrosion products leads to the development of

damage irconcree, causing initiation and progression of ciagk as shown ifrigure 1.6.

Crack - Exposure surface

Expansion Corrosion product
direction

<= =
- “J
Crack Crack

Wire ‘ Concrete

Figure 1.6. Cracking in concrete due to volumetric expansiooarfosiveproducs.
Theformation ofcracks createshiew pathways that allosorrosiveagents to penetrate
the concrete networkn that regard, the fundamental properties of concrete, such as thdehlori
diffusion coefficient and moisture diffusion coefficient, undergo a significant increase, greatly
exacerbating the progression of corrosamal corrosiofinduced crackingUltimately, some of
the crackdbecomeconnected, leading to the formation of witacks In the latestage of the
phenomenonconcrete in specific regionse., near the crossectional cornespalls off as

denoted irFigure 1.7.
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Crack Ve Exposure Crackwidth growth\A
\ surface
/ > Spalled
T Region
Corrosion
Progress
- %
Crack Crack
\‘ Concrete \‘ Concrete
Early stage Late stage

Figure 1.7. Corrosioninduced spalling of the concrete near the cgegional corner regior

The detrimental effects of corrosion extend beyond the mere loss of mass in prestressing
strands and the resulting concrete cracking. Corrosion also significantly impacts the mechanical
strength of the strands. Depending ondkintof corrosion damagé, can lead to a reduction
in the elastic modulus of the strands to varying degrees, as well as affect the ultimate strain
Figure 1.8 illustratesthe influence of corrosion damage on the mechanical strength of strands.
The majority of specimens exhibited a decrease in ultimate strain, with a few specimens
demonstrating both phenomena simultaneously.

The other detrimental effect of corrosion pertainsbond strength decay, where it
reduces the bond resistance between reinforcing steel and concrete material due to the

volumetric expansion of corrosion products.
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2000 +
\ Sound specimen
1600 + Reduction in e sped
= ultimate strain
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» modulus and ultimate strain
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& 800 -
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0 T T T T 1
0 0.01 0.02 0.03 0.04 0.05
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Figure 1.8. Uniaxial tensile testesults for sevemwire strands with different degrees
corrosion damage.

The determination of corrosion incidence isvaal parameter in the analysis,
maintenance, and if necessary, repair of prestressed bridge ghglerentioned earlieruting
the early stages ol concretest r u ct ya prdtestivel oxideefiim is formed on the
surroundingarea of prestressing strandgsfeguardingt from corrosion damageCorrosion
initiation is believed to occur when the protective film on the surface efstrand is
compromised or destroye@ihe extent of the chloride on the surface of the prestressing strand
can be indicative of the corrosiamcidence and theontent of chloride corresponding ttus
phenomenois termedcritical chlorideCerit. As the extent of chloride on the surface of strands
exceed<.it, the rate of corrosiosignificantlyincreasesAn increase in corrosion raterther
intensifiesthe extent of damage in prestressing strands and causes cotwgsiogress.

The analysis of the momeat chloride intrusion in concrete bridgesables a better
understanding of the current condition of the bridgectures which might be hidden for a
period from the naked ey&he analysiss alsocrucial for maitenance and repair purposes.

Corrosion is associated with an electrochemical oxidatduction process in which

iron is converted to corrosion products and significantly reduces the mechanical resistance of
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the steel. Throughout this process, electroms teansferred from one chemical species to
another. Oxidation occurs at the anode when electrons are given up from atoms, for instance,
anodic oxidation reaction in corrosion is given by
Fe(s)- Fé& (agr 2¢ (1.2)

where iron is oxidized into ferrous ion¥end dissolved into pore water; solid and aqueous
states are denoted Ifg) and (aq), respectivelyReduction takes place at the cathode when
electrons are adsorbed and become a part of atoms, for instance, cathodic reduction reaction in
thecorrosionprocesss expressed by

0,(g)+ 2H,0() +4e - 40H (ac (1.2)
where oxygen is reduced to hydroxyl ions; gaseous and liquid phases are dergtetihy
Upon the formation of ferrous and hydroxyl ions, corrosion reactions take atateorrosion

products are produced.
F€* (agi OH (aq)- Fe(OH) ( (1.3)
Feroushydroxide Fe(OHyfurther reacts with other chemical species to produce other

corrosion productgli et al., 2013)for instance:

2Fe(OH), % O+ H O- 2Fe(OH (1.9
or,

AFe(OH) +Q - 2Fe QO H O+2H (1.5)
or,

6Fe(OH), +Q - 2Fe QO H O+2H (1.6)

where FeOs and FeO4 are known as hematite and magnetite, respectively. The schematic

procedure ofhecorrosion reactioprocesss shownin Figure 1.9. As stated earlieglectrons
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areliberated from the anodic site (iron), moving toward cathodg(oxygenmolecule$. This
electron movement correspondsaio electric current from the anode to the cathode (opposed
to the conventional current direction). Incoming electrons react with oxygen in the vicinity of
reinforcing steel and produce hydroxyl ions. The availability of ferrous ions and hydroxide ions
facilitates the formation of corrosion products. In particular, under specific circumstances
different forms of corrosion product might be produ¢seeFigure 1.5), for instance, ferrous

hydroxide Fe(OH) ferric hydroxide Fe(OH) etc.

. Fe& ; OH
Hzoﬁ ,':::; FeZ/:‘ corr05|oerroduct</;\OH. OH'Oﬂ, steel bar

2Fe- 2Fé&" +4¢

O, +2H,0+4e - 40H
T anode & catt ‘Zj

cathode

L= [} (== L=

Figure 1.9. Schematic illustrating the electrochemical oxidatieduction reaction, resultin
in theformation of corrosion products.
Two mechanisms are responsible for the corrosion of reinforcing steel in concrete

structures. The first is micreell corrosion where anodic and cathodic &l reactions occur
in practically thesame metalegionon amicroscopic scal€Hansson et al., 200@3ee Figure
1.9]. Macro-cell corrosion is the second corrosion mechanism and occurs when anodic and
cathodic haHcell reactions take place on macroscafcdistant locationsfor instance when
an active steel bar is connected to a passivfHzarsson et al., 2006s shownri Figure 1.10.
Macrocell corrosionis shown tobe less common thamicro-cell corrosion The latter is
believed to cause uniform corrosjonhile theformer was found to cause pitting corrosion

(Hansson et al., 2006 orrosion of reinforcing steel in maecell type is proportional to the

10
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cathodic and anodic area of ha#lls. It has been shown that the ratenaicrocell corrosion
significantly diminishes over time, as the passivity in the reinforcing steel disappears by
uniform or micracell type of corrosiorfZhang et al., 2020Macro-cell corrosion was found

to be predominant in specific environmenits., structures under external chargauch as
underground structuresubjected to stragurrent or a difference in the natural electrode
potential, such asluster structuresonnected to underground waitarcoastal regionsvith

different chloride oncentrationgWang et al., 2021)

Reinforcing /

steel bar \

0,+2H,0+4¢- 40H

Figure 1.10. Schematic of macroell corrosion mechanismeproduced fromdansson et al
(2006) The anodic and cathodic reactstiake place in steel bars that are apart fronin ¢
other.

The first step toward the understanding of corrosion damage talkt@ationof the
corrosion rate, which can be found frothe kinetics of the electrochemical reaction
Considering the haifell reactions described in equasdi.l) and (1.2), after the occurrence
of corrosion a short circuit is formed in the electrochemical cellereelectronsflow from
the anode tathe cathode. This effect causes a remuilibrium state in the systelmading to
potential disparitiesn standard electrode potentialBhe displacement of elgode potential
from standard electrodeotentialis called polarization and the magnitude of this displacement

is termed overvoltaggCallister etal., 2021)

11
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There are two primary polarization mechanisms in electrochemical readtianérst,
calledactivation polarizationoccurs when the rate of the overall reaction is primarily governed
by a single step in the sequence, specifically the with the slowest rat€Callister et al.,

2021) The overvoltage in activation polarization is desatibg

i
h,="° bogi— (1.7)

0

where bis model parameteli,is the exchange current densigndi is the current density.

Activation polarization for the hydrogen atom is showrFigure 1.11, with two different
branches showvg oxidation and reduction reactiorss shown,oxidation occurs at the anode

with a positive overvoltage rate and reduction occurs at the cathode with a negative overvoltage
rate. A potential must be taken with respect to a reference value (\blyiathefinition
corresponds to zero value oftpntial). The referential electrode ¢atbrresponding to zero
potential is typically taken to be the Hydrogen molecul&e displacement of the electrode

from the standard state (a difference from zero volts in the vertical axis) is overvoltage which

might be positive or negative depending on the-bellfreaction types.

12
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Figure 1.11. Activation polarizationovervoltage forthe hydrogenatom (reproduced fror
Callister et al. (2021)

Concentration polarization is the second polarization mechanism, governed by the
diffusion procesgCallister et al., 2021)Considering reaction hatfells shown irFigure 1.11
itis always assumed that there is an adequate amount of hydrogen ions that feed electrochemical
reactions between two haiells. However, in cases where hydrogen concentrations are low or
high, hydrogen ions might not replenish bhedil reactions at a sufficient rate to keep up the
electrochemical reaction and a depletion zone might be formed in the immediate vicinity of
electrode cells. Therefore, concentrations of hydrogen ions govern the rate of reaction leading
to the occurrencef concentration polarization. The overvoltage in cathodic polarization is

established in the following form

é .
h, = logad TI (1.8)
%

whereT is the absolute temperatufej s t he Far aidstlyedimiting dffussomn a n't |,

current density, andis the number of electrons in the ionization of a metal atom. The scheme

of concentration polarization along with activation polarization is showv#ngare 1.12.

13
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(b) Activationconcentration polarization
curve

Figure 1.12. Schematidllustration of polarization mechanisniseproduced fronCallister
et al. (2021)

(a) Concentration polarizatiarurve

The rate of corrosion reaction can be reasonably estimated via polarization curves of
two haf-cells which account for both activation and concentration polarizafativation
polarization curves for an electrochemical cell containing zinc and hydrogenelialfare
shown inFigure 1.13a. Conservation of electric charge stipulates thlaelectrons liberated
from the anodic haltell are to be consumed lige cathodic haitell. This implies that the
current density,cbr, must be the same for the two hedfils. As such, the only possible point
that meets this criterion is the intersectint of polarization curves. The projection of the
intersection point on the vertical and horizontal axes gives the corrosion potégstiabnd
corrosioncurrent densityicorr, respectively.

Theelectrochemical reactiokinetic of activatiorconcentration polarization curves for

two different metals is shown figure 1.13b. Throughout this process, the zinc atom, Zn, is

oxidized and the hydrogen ion; Hs reduced.

14
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(&) Schematic for activation polarizatior (b) Schematicfor activatiorconcentration
mechanism polarization mechanism

Figure 1.13. Electrochemical reactiokinetic of an acid solution and zinc atom reprodur
from Callister et al. (2021)

As stated earlier, due to the highly alkalimetureof concrete in the early stages of the
concrete setting, a thin protective film forms onsheacearea of reaforcingand prestressing
steel, which makes it passive against corrosidns phenomenon is termed passiyitshich
reduces the rate of corrosion by several @demagnitudeThe polarization curve for passive
steel has an-Shaped behavior shownkiigure 1.14a(Callister et al., 2021 hespecificcurve
is a coalescence of three distinct regions, namely active, passive and transpassive. The active
region describes the behavior of steel in normal conditions with a linear oxidation (or reduction)
behavior. Asthe electrode potential increases, the cotréensity in the passive region
significantly reduces and becomes independetiitegfotential. As electrode potential increases
further, steel enters the transpassive aghere an increase in tledectrode potentideads to
anincreasean the current dnsity.

The impact of passivity on the electrochemical reaction rate can be described on the

basis ofpolarization curves, ashown inFigure 1.14b. Given the polarization curve of the

15



Chapter 1. Introduction

reduction reaction in two solutions, labeled A and B, corrosion current density which
corresponds to thprojection ofintersection pointsn the horizontal axiss very low in the
former[ic(i)]. Given that current density is shin on a logarithmic scale, the passivation might

reducethe corrosion rate by several orders of magnit(@allister et al., 2021)

Erranspsssiv i Transpassive —
Sl B e — s
S S
= [
S . 7}
% Passive 5
o e
o
g passi |5
S 3]
g E(M/M?) Active g
O ey (8]
o) @
w w

io(M /M2 ic (i) ic (i)
Current Density, log(i) Current Density, log(i)

(&) Schematic illustration of polarization (b) Active and passive corrosion behavic
curve forsteelshowing active, passive, ar for steel in different solution
transpassive zones

Figure 1.14. Polarization curveand corrosion behavidor passive steel, reproduced frc
Callister et al. (2021)

1.3 The Need for Uncertainty Quantification

Thephysical mechanisms described in the previous section are controlled by a number
of parameters, and each parameter is characterized by aleatory (inherent) unc€&ainty
instance, the ambient (climatic) conditioims the vicinity of a bridge affect the moisture
transport mechanism, which in turn is instrumental for chloride ingress in the concrete.
Furthermore, the amount of chloride inflow in the surface of a bridge is highly uncertain, and a

wide range of valuesf this quantity has been proposed/reported in the literature. Even if a

16
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concrete bridge is subjected to highly controlled environmental conditions, the porous structure
in the concrete is itself highly variable, which in turn implies an inherent undgrtairvarious
constitutive parameters (e.g., moisture and/or chloride diffusivity) which significantly affect
the chloride ingress and corrosidn.light of the above, it should come as no surprise tiet t
extent of observedchlorideinduced corrosion daagecan significantly varyfor different
girders in a bridgeandevenat differentlocations of the samgirder. An example bridge span
demonstrating such variability is providedrigure 1.15, which presents girders which were
decommissioned from the Lesner bridge in Virginia after 49 years of seAadagure 1.15

shows, the girders had exhibited corrosion damage in localized regions, marked with circles in

the figure, which had been repaired (patched)

Figure 1.15. Chloride-induced corrosion damage Lesner Bridge, Mfginia [reproduced
from (Alfailakawi et al., 202Q)

1.4 Objectives

Theoverarching goal of this dissertation is to enhance the understanding of the process
leading tochlorideinduced corrosion damage in prestressed concrete bridge girdensork

can be subdivided into four parts, each with its own objectives.

17
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The objectie of the first part is to investigate the bearing capacitpwbsiondamaged
prestressed concrete bridge girdeksnonlinear finite element approads established to
accuratelyevaluatethe shear and flexural capacity of girders exhibiting visualostn
damage.

The second part of the present study is aimedeiegelop a nonlinear finite element
approach for assessing tieenporal evolution of the sectional distributmirchloridein girders.
Additionally, this approach aims to qualitatively evadutite service life performance of these
girders.A coupled finite element analysis scheme, accounting for moisture, heat, and chloride
transport is formulated, calibrated and validated.

The primary focus of the third part of this dissertation is to presemnlinear finite
element approach that effectively captures corresidnced damage in prestressed concrete
bridge girdersTo this end, the analysis scheme of the second part is further enhanced with the
capability to account for the kinetics of thearochemical oxidatiomeduction equatiorthe
formation of expansive products, the occurrence of cracking and the impact of this cracking on
the chloride ingress.

The fourth andfinal part of this dissertation focuses on quantifying the uncertainty
asseiated with the expected service life of corrosadfected prestressed concrete bridge
structuresThis is accomplished by establishing a mathematical description of the (aleatory)
uncertainty associated with various parameters of the problem at hartieardktermining

the propagation of this uncertainty to the expected service life.

18
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1.5 Dissertation Outline

Chapter Zorovides a review of literature on strength assessment of cordamaged
girders and analytical modeling of chloride ingress in coa@et! corrosioinduced cracking

Chapter 3proposes aomputationalapproachfor obtaining theflexural and shear
resistance of prestressed concrete bridge girders with visually observed einiduced
corrosion damagé.wo types of simplified models, ich rely on uniaxial material laws, are
used, namely, beam models with a fiber section and nonlinear truss models.

Chapter 4establishesa phenomenological approach to describe the intrusion of
corrosioninducing chloride ios in concretebridge girders.Various physical processes
affecting the ingress of chloride, i.e., coupled heat, moisture, and chloride transpaaken
into accountThe scheme is calibrated and validated with experimental data on cylindrical and
prismatic specimens and are apptieseatlife bridge girders.

Chapter 5investigates theémpact of corrosiofinducing chloride ions in the spatial
distribution of corrosion damag@ computationalschemeis proposedo describevarious
significant processesffecting chloridenduced carosion damagen sound and cracked
concrete The scheme includes phenomenological laws to account for the kinetics of the
corrosion electrochemical process, the formation of expansive corrosion products and the
ensuing formation of cracking in the surroimgl concrete The impact of cracking on the
temporal evolution of chloride content in key locations of the bridge section is also investigated.

Chapter 6deals withthe uncertainty quantification of chloril@duced corrosion
damage in concrete bridg&e analysis relies on the stochastic collocation approach.

Chapter Ppresents the main conclusions of this reseanchprovidesecommendations

for future research building on the findings of the present study.
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Literature Review

This chaptemprovidesa review of the literaturgertaining to the topic of the present
study. The review is subdivided into several thematic classes, i.e. i) experimental and analytical
evaluation of loaetarrying capacity in corrosiedamaged prestressed girdersyigthematical
modeling and computational simulation of chloride ingress, corr@sidncorrosiofinduced
cracking in concrete, and)i quantification of uncertainty governing the evolution of chloride

content and corrosion in bridge girders.

2.1 Load-Carrying Capacity of Corroded Bridge Girders

Prestressed concrete bridgare one the mos$ popular constructimal systemsthat
provide a saferossingfeaturefor transportatiorconnectivityof the roadway networkThey
are available in a variety of cresectional geometry, spans, and prestressing strand layouts
across the United StateShe eventuality of chloridenduced corrosion damage a major
concernfor concrete bridgeBNeyers et al., 1994yhich isusually caused by saltwater spray
in coastal zones, or the use of deicing salts otofnef the specimen.¢., deck)

The loal-carrying capacies of prestressed concrete bridge girders with chleride
induced corrosion damage have been investigated in a number of experimental studies.

Shenoy and Frantz (1991gcused on the structural perfaance oftwo prestressed
girdersrecoveredrom a bridge after 27 years of seryvigéhich was subjected to extensive use

of deicing salts The experiment was meant to investigate the impact of chiordieed
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corrosion damageon the flexural resistance dfirders through a fowpoint bending
configuration While minorcorrosiorwas present in the girderswas found to havaminimal
effect ondeformability andlexural strengttof girderspecimens

Tabatabai and Dickson (1998¢rformed a sés of experimentatest to evaluatehe
flexuralresistancgserviceability and material propBesof a posttensionedridge girder. The
girder was removed from a 3#arold bridgesubjectedd severe wintecyclesand extensive
use ofdeicing saltsThough somef thewires had evidence of corrosicand corrosion had
been man#sted in the anchoragsystem at end regiorsmilar tothe studyby Shenoy and
Frantz (1991)the flexural resistance of the girder wet affectedby the extent otorrosion
damage.Given the limited experimentaksts performed to that datdiey recommended
additionalexperimendl testson the structural performancoé bridge gircgerswith a variety of
corrosion damage.

Harries (2009)performed a set of experimental tests to investigate the extent of
corrosion and flexural performance of two prestressed concrete bridge girders. The specimens
were subjected to saltwater spray and were removed from a partially collapsed bridge after 42
years of service. Based on visual inspections andgourt bending tests, it was found that the
flexural resistance and deformability of specimens were heavily affected by chiatided
corrosion damage. The results of the forensic analysis perfornedflakural tests also
confirmed significant damage in prestressing strands, which was originally underestimated by
visual inspectios In that respect, the extent of corrosion had been manifested in different layers
of prestressing strands along the saff the girders.

Pape and Melchers (201fbcused on thempact of chloridenduced corrosion damage

caused bysaltwater spray on the structural performance of three girders removed from a 45
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yearold bridge. The girders had significant signs of corrosion damage from cracking to the
spalling of the concrete. THkexural strength of specimens was investigated by aourt

bending configuration. According to the results, corrosion had a major impact, with cross
sectional area loss in excess of 75% for several strands. It also affected the bearing strength of
the specimens resulting in a flexural capacity degradation of up to 50% and a pronounced loss
in deformability. Further investigatiodmasalso revealed advanced signs of corrosion, such as
wire pitting, formation of corrosion products in different colors @reBlue, and Brown rusts),

and anaerobic corrosion products which are indicative of bacteria ac8witifar conclusions

were also reached in another studyRape and Melchers (2018 the impact of corrosion
damage on the bearing capacity of bridge girders.

A study byMurray et al. (2019jocused on the loadarrying capacity of two girders
recovered from a bridge subjected to deicing salts after 45 years of service. The girder
specimens had a vaty of chlorideinduced corrosion damage from minor to moderate at the
end regions, which is a major concern for resistance against shear forces for urbane bridge
inventory. The bearing capacity of specimens was evaluated through #dimreeading
configuration with various sheapanto-depth ratios from 2.0 to 3.83. It was found that
corrosion had caused some bestip damage in the end regions of the girders leading to shear
failure of some specimens. However, the damage pattern was not foundctatedfahear
resistance of girders.

Alfailakawi et al. (2020performed several experimental tests to investigaéntipact
of chlorideinduced corrosion damage on the flexural resistance of prestressed concrete bridge
girders. Multiple bridge girders with a variety of creestional shapes and geometry were

removed from different bridges in Virginia after 34 and 4@rg of service and were tested
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under a fowpoint bending scheme. Some bridge girders were exposed to extensive use of
deicing salts, while others were subjecteth®use obaltwater spray. According to the results

of nondestructive tests, and destiive flexural tests, corrosion was found to cause a
significant crosssectional loss in the area of prestressing strands and reduced the flexural
resistance of some girder specimens.

A study byAl Rufaydah (2021jocused on the influence of chloridteduced corrosion
damage on the shear resistance of bridge girflers prestressed concrete bridge girders were
removed from bridges ithe state olirginia after 34 and 49 years of service. The girder
specimens wergubjected to saltwatsepray,or use of deicing salts. The resistance of the girders
was evaluated through a thspeint-loadingschemewith different sheaspanto-depth ratios.
According to the results, corrosion played a minor role in the shear strehtite girder
specimen, while affecting the mode of failure most. In particular, the extent of the corrosion in
prestressing strands at the bottom face of the girder, between the support and pointed load,
impacts the deformability of strands and girdezgmens, changing the mode of failure from
shear to flexure. The cornerstone of this transition was manifested in thealogithg capacity
of the specimens, where the strength of the girder failed in-fle®are wassmallerthan that
failed inshear

Some researchers adopted analytical approach for the evaluation of the lead
displacement response of girder specimens, that usesamentarea principleo calculate
deflectiongShenoy and Frantz, 1991; Tabatabai and Dickson, 1993)

The beam model is a widely used approach in the literature that has been shown to
provide an accurate and numerically efficient solutmthe nonlineara@sponse and ultimate

flexural resistance of beamb particular,Dall’Asta and Dezi (1998)ave introduced a new
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schene for the structural analysis of prestressed composite beams to overcome some
restrictions for the slip of tendons at the saddle points, as well as construction stages. The
scheme involves nonlinear constitutive laws for the material properties ancadafaition

of kinematics. According to the results, the approach was found capable of capturing the
structural response of prestressed beams with external tendons.

A study by Ariyawardena and Ghali (200Zpcused on the structural analysis of
prestressed beams with external or internal tendons. The analysis stlasmbeen
supplemented with multiple features, such as nonlinear material properties, tension stiffening,
and friction and loss of tendoasthe deviator blockBased on the resultd)d approach was
found capable of capturing the structural response of exteraatlyinternally prestressed
beamswhich wasverified with the experimental tests.

Astudy byDal | 6 Ast a developeda simplifiddoappropch for capturing the
flexural response of prestressed concrete beams with external tendons. Thexsatfemesed
on the slip of the tendons in the deviator blgakkich govered theglobal displacemnt of
structure supplemented by nonlinear analysis approach for betmdon structure. The
analysis scheme gave a good estimate of the flexural response of prestressed concrete beams
with external tendons, validated with experimental teBt®e resultsof a parametric study
showedthat the scheme was generally affected by the length of the beam and quantity of
reinforcing steel material, as opposed to other parameters, e.gtpspeuth ratio and cross
sectional geometry, which was in agreement wrgvipus studiegHarajli et al., 2002; Ng,

2003; RobertsVollmann et al., 2005)
The underlying assumption behitickbeam theorasserts thailane sectios of a beam

remainplaneand alsaremainperpendicular to the reference agisthe bean{Koutromanos,
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2018) This assumption is shown to be violatedigcontinuityregiors (Naaman, 1982; Nawy,
1996) AccordingtoSainWe nant 6s principle, the distributd.i
or flexural loads idinear at a specific distance away from the discontinuity region

According to the beam theoryand Ss8she nant 6 s principle, beams
regions, namely Begion, where beam theory is true, andeion, where beam theory is
violated. Discotinuity region existsn the vicinity of supports, concentrated loads, or regions
with an abrupt change in the structural geometry.

A commony employedapproach toward the analysis of shear strength of prestressed
bridge girder with discontinuity regions strutandtie modeling(Pei et al., 2008; Martin et al.,
2011; Ross et al., 20LWvhich uses the truss analogy method. Compression members in the
strutandtie modeling approach are termed struts, while tansaembers are ties, joined at
nodesA node (also termed joint or connection) is the intersection of at least three members for
equilibrium concern and is assumed as a hinge connection without transferring bending
momens (Naaman, 1982; Nawy,9P6; Dolan and Hamilton, 2019%Vhile the strutandtie
model is supposed to capture the shear strength of prestressed beam members with a good rate
of accuracy in the discontinuity regionwade range ofaccuracy in the analysigsuls have
beenreportedn theliterature

A study byMartin et al. (2011jocused on the shear strength of a prestressedatencr
bridge girder after 40 years of service. The resistance of the girder was evaluated by a variety
of approaches, including the standtie modeling method. According to the results, the shear
capacity of the girder specimen was underestimated by timamea factor of 2.0.

Ross et al. (201linvestigated the shear capacity of foury&arold prestressed

concrete bridge girders. The specimens were experimentally tested undefpoihrésading
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configuration with various spato-depth ratios. Similar to the conclusion drawnNbgrtin et
al. (2011) the strutandtie model gave a conservative asdite of the shear strength of girder
specimens, where it underestimated the capacity by a maximum factor of 2.36.

Pei et al. (2008¥ocused on the shear strength of a prestressed bridge girder and
concluded that the shear resistance of bridge girders is conservatively estimated by-the strut
ard-tie model, which was in line with previous resegidartin et al., 2011; Ross et al., 2011)

On the other handsomeresearchers have found the stntitie model to give a reasonable
estimate of shear strengiBsborn et al., 2012; Higgs et al., 2015; Al Rufaydah, 2021)

The availability of desigroriented, simplified equations for estimating shear resistance
of prestressed bridge gets is also a point of consideration herein. AASHTO LRFD
Specification (AASHTO, 2020) has presented various approaches, some of which have
backgrounds in Modified Compression Fidldleory (MCFT)(Vecchio and Collins, 1986)
while the American Concrete Institu#®&Cl, 2019)has introduced another method callédi -

Vew,

Several studies have investigated the modeling of corroded strands for analysis or design
calculations. Two differenapproachehave been proposeth the literature The first is to
assign an apppriately modified constitutive law to the corroded strands/wires to account for
the reduction in, e.qg., deformiity (Zhang et al., 2019; Jeon et al., 20B@anceschini et al.,
2022)

A study byZhang et al. (2019ocused on the variability of steel cressction loss
caused by corrosion. They performed accelerated corrosion tests on severalvisgven

prestressing strands and proposed a stochastic constitutive law for corroded Atreordisng
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to the results,ite model was found capable of capturing the sstai relation of corroded
sevenwire strandsverified with experimental tests.

Jeon et al. (202Gtudied the impact of corrosion on the mechanical properties of seven
wire strand. Several strands were extracted from two naturally corrodeegrosipned bridge
girders andomeempiricalrelationships were proposed to describe the impact of corrosion on
the ultimate stress and straingtfandsThis model was meant to entail an increased accuracy
compared to earlier formulations, which had considered a single pit configufeiband
Melchers, 1997; Stewart, 2009; Lu et al., 20IB)e section loss of corroded wirgsas
calculated in accordance wipit morphology whetherit is hemispheric, concave, or planas
shown inFigure 2.1. Subsequently, four prestressed concrete beams were manufactured and
artificially corroded to investigate the accuracy of the proposed fawearding to the results,
the proposed relation aldl satisfactorilyestimateheultimate stress developed in tb&roded
strands, validated with experimentakts on the flexural resistance of artificially corroded

beams

mm— ———— ————
~~~~~~

(a) hemispherical pit (b) concave pit (c) planar pit

Figure 2.1. Definition of pit configuration for various pit morphology [reproduced fiwon
et al. (2020) The section loss of corroded wsrevas found from pit morpholodyeon et al..
2020) with the area of the pit shown diifferent color

Along the same lines,study byFranceschini et al. (202&)cused on the development

of a constitutive law fo corroded sevewire strands. Thealculation forsectionloss of
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corroded wiregelies onthree types of pit morphologyriginally introduced byJeon et al.
(2020) sedFigure 2.1], whichgoverns the stresstrain relationip. The proposed laassigned
8.1%, 10.7%and5.4% a<ritical section losmitsfor the most corroded wirés hemispheric,
concave, or planar pit configurat®rThe model washownto give a good estimate of the
stressstraincurve verified with several mechanical tests corroded strands extracted from
prestressed concrete beams.

The second approach is more oriented towards désiged calculations and involves
a reduction in the area of damaged strands without any modification in theealssinength or
deformability of materia$ (Naito et al., 2010a; Naito et al., 2010b; Alfailakawi et al., 2020)

A comprehensive study biMaito et al. (2010ajocused on the forensic analysis of
chlorideinduced corrosion damage iev&ral prestressed bridge girders. The study relied on
several evaluation techniques, including destructive anddestructive tests. The former
entailed experimentaéstson bearing capacity, while the latter focused on-belf potential
mapping, visal inspection of chloridénduced cracks, and material testing. The overarching
goal of the research was to introduce a qualitative scheme for a reliable estimate of corrosion
damage in prestressed girders based on visually observed damage. The prdpased sc
focusedon visual inspection and considered a 5% reduction in the area of all prestressing
strands embedded in the girder, a 25% reduction in the area of prestressing strands adjacent to
cracks, i.e., within a distance of 3 in., and a 100% reduatiding area of exposed strands, as
schematically shown ifigure 2.2. According to the results, longitudinal cracks gave a good
estimate of the corrosion condition of Raisible prestressing strands, in contrast with the half
cell testing results. According several tests, the proposed scheme gave a reliable estimate of

corrosion extent and subsequently bearing capacity of girders.
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Figure 2.2. Schematidllustrationof rating recommendation Byaito et al. (2010gyedrawn
from Naito et al. (20109)

A follow-up study byNaito et al. (2010bylelved into the chloridenduced corrosion
damageby focusingon the chloride concentration test results to correlate the extent of
corrosioninducing chloride ioro the surface cracking asdbsequentlyreduction in the area
of prestressing strand¥he primary goal of the research was to provide qualitative rating
guidelines and recommendations on the extent of chlandieced corrosion damage on the
surface ofprestressing strands and their correlations to visually observed damage. The surface
condition of strands was judged on the bases of various experimental tests, namely, mechanical
tests, petrographic examinations, air void analyses, carbonation and eldoridentration
tests, and visuahspections The authors have concluded that the existence of hairline cracks
could be indicative of corrosion, as showrFigure 2.3. They also provided ratinguidelines
for the extent of corrosion on the surface of strands, classified under nine different categories
from immediate failure to excellent condition. Given the presumption that enough oxygen and
moisturewere present on the surface of prestressing strands, they have identified the content of
critical chloride that destructs the protective film on the surface of strands, which was 0.032%

of theconcrete mass.
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Figure 2.3. Rating recommendation bMaito et al. (2010hjeproducedrom Naito et al.
(2010Db].

Alfailakawi et al. (2020)proposed a scheme for the evaluation of chlemdeced
corrosion damage on prestressing strands based on visual inspectionoddsegrapproach
relied on the results of a series of destructive anddestructive tests, including, visual
inspection, hatcell measurements, chloride titration tests, mechanical tests on prestressing
steel, concrete compressive tests, and a seriegiepoint bending tests on severarmded
prestressed bridge girders witshapedind Boxshapedection. The algorithm was a modified
version of previous studigdNaito et al., 2010a; Naito et al., 2010dmd considers a 40%
reduction in the area of strands closest to the crack, a 20% reduction in the area of strands in
the vicinity of cracks, a 90% reduction in the areati@rals in the patched region, and a 100%

reduction in the area of exposed strands, as showigime 2.4. Based on the results, the
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proposed algotitm was found to give a good estimate of residual strengtksktion girders.
It was also found that the residual strength of-beation girders was reasonably estimated by

Naito et al. (2010a3pproach.

. 960 |-.-7 Spalled

00420 [~ region

® %40 |~ Crack

. . %90 Patched

. ®%10( region
E f1°

Figure 2.4. Rating recommendations feahlorideinduced corrosion damageroposed by
Alfailakawi et al. (2020]redrawnfrom Alfailakawi et al. (2020)

As an additional pointit is worthmentioningthat various types of reinforcing materials,
such as GFRP or CFRP bgAdiasgharMamaghani ad Khaloo, 2019, 2021; Hassanpour et
al., 2022) exhibit corrosion resistance properties. However, considering the uncertainties
surrounding their mechanical performance in service conditions, prestresseigstrands

continue to be the prevailing choice of material in practical applications.
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2.2 Mathematical Description of Chloride and Moisture Transport

in SoundConcrete

2.2.1Chloride Transport

Corrosion of prestressing strands embedded in conbrédges is caused by the
intrusion of chloride into the porous network of concrete in coastal bridges or those subjected
to the use of deicing salts. The transport of chloride takes place through the porous network of
the concrete by means of diffusive aadvective transport. The former is driven by the
concentration gradient, while the latter is caused by moisture flow which carries chloride ions.

During the early stages of a structureds
formation of a protective oxide film on the surfareaof prestressingtrands, which inhibits
corrosion. The presence of chloridms can lead to the destructioof the protective film
leading to thenitiation and progression dfie corrosionreaction The content o€hlorideions
on the surface of prestressing strands or reinforcing bars was shown &oggiod estimate of
corrosiononset and structasservie life (Weyers et al., 1994)

The intrusion of corrosieinducing chloride ions in concrete bridges is affected by a
multitude of physical processes, including chemical diffusion, moisture transport, heat
conduction, and coupled moisture, chlorided heat transport.

A commonly employed approach toward the prediction of chloride in concrete is a
closedf orm solution of Fi c(Kdlepard et al.p 197R; Harssen arad f di f
Saouma, 19993a)as shown in equatio2.1). Fi ¢ k 6 s sienothimy dut theaapplication
of the conservation of mass opdiffusior The laterimsnd t h

simply chloride flux, i.e., the product of a diffusion coefficient and the concentration gradient.
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X

> m)] (2.1)

whereCs is the surface chloride concentratioerf is the error functionx is the distance from

C, =CJ[1 -erf(

the exposure surfacBy is the chloridediffusion coefficient, and is time.

The simplest assumption is to consider a timteependent value for the chloride
diffusion coefficient (Collepardi et al., 1972; Weyers et al., 1998gveral resaahers
(Conjeaud, 1980; Buenfeld and Newman, 1987; Mangat and Molloy, 1994; ghahg2021)
have recommended using a coefficient that depends on time

A study byMangat and Molloy (1994fpcused on the lonterm prediction of chloride
concentration in concret8everal concrete mixasere considexdto investigate the impact of
different compositions on chloride diffusion coefficient. On the other hand, the dependency of
chloride transport on time was investigated.
law was proposed, which incorporatd®e dependency of chloride transport with time.
According to the results, the chemical diffusion coefficient was found to be affected by time,
described by the following expression.

D, =Dt™" (2.2
wheremis an empiricalcoefficientgoverned by thevaterto-cement ratio, anB; is thechloride
diffusion coefficient at = 1 secondHaving obtained the dependence of the chlodiffeision
coefficient with time, the authors propogbeé following expressioto describe théong-term

intrusion ofchloride in concrete.
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C,=CJl -erf(——2 )]

2 Di t(l- m)
1-m

(2.3)

A number of research studiésvestigatedthe influence of physical processes on
chloride diffusive transport, through analytical or computational scheBaetta et af1993)
proposed a finite element framework for the transport of chemical species in concrete, which
entailed chemical diffusion, moisture transpagment hydration, and heat transfer. For the
sake of simplicity, the implementation of various significant processes was only considered in

the chloride diffusion coefficient, given by
Dcl = Diref Q(T) fZQe) fs(m (24)
where Diret is the reference chloride diffusion coefficiesit temperaturd =23 C, relative

humidityh=1.0, and cement hydration degredter 28 days.f,(T), f,(t,), and f,(h)

describes the depestte of chemical diffusion on, heat, hydration degree, and moisture,
respectivelyAccording to the resultshe purechloridediffusiongaveaninaccurate estimation
of chloride content in concretand moisture transport was fouta play a crucial rolen
describingchloridetransporpphenomea. The scheme was found capable of captuchloride
content inside partially saturated concrdiewever,the need forfurther experimental was
pointed out.

Tang and Nilssorf1996)introduced an additional dependeraethe depth from the
exposuresurfaceand proposed the following equation tbechloride diffusion coefficient.

D,(x 0= QM) ) 60 @9)

por
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whereDo is the diffusion coefficient of aged concretg,, is the porosity ofconcrete, f, (T) ,

f,(t),and f,(x) describe the depeadce on heat, age, and exposure dagpectivelyWhile

the authors disregarded the impact of advection in the analysis, the proposed scheme was found
capable of capturing the profile of chloride from the exposure surface, veritiectoride

titration tests. In addition, the isolated facettéd i f f usi on phenomenon, de
law, was found to givaninaccurate estimation tfie chloride profile.

Maruya et al. (1998proposed a mathematical scheme to model chloride intrusion in
concrete specimens with various mix qmsitions. They conducted experimental tests to
measure the content of chloride in fully and partially saturated concrete specimens. The authors
have also introduced a mathematical relation for specimens under whiting cycles.
According to the resudt the model was capable of capturing the actual chloride profile of
specimens under wettirdyying cycles. In general, the method was found to give a reliable
estimate of the total chloride profile in various environments, namely submerged, tidal, or
splash zones.

A study by Hansen and Saouma (1998)cused on formulating a finite element
framework to predict the depth of chloride penetration in concrete bridge decks. The study
relied on time and temperaturdependent chloride diffusiatoefficients, while neglecting the
advective transpoterm The timedependent schenmelied ona model introduced bylangat
and Molloy (1994)while the temperaturdependent model uses Arrhenius law. The study also
accounted forthe impact of solar radiation, surface irradiation, and heat convebtion
consideringlifferent boundary conditions on the dexfkhe bridge specimeAccording to the

results, the isolated facet of the problem, i.e., tiongemperatur@lependent formulationsas
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found incapable of describing the content of chloride in concrete, while a combinatian of
two gave a reliable émate.

Someresearcher@Mangat and Molloy, 194; Tang and Nilsson, 1996pnsidered the
content of total chloride in the diffusion phenomenoarrespondingto the sum of two
contributions, namely free and bound chloriiee former is mobile in the porous network of
the concrete, while the latter is physically or chemically boutioetporewalls and isgenerally
immobile. Chemically bound chloridés generatedupon the formation of chloraluminate

hydrates, such as Fdee | 6 Ca,#lad,.tCaCl, . 10H Oand isin the solid phase, while

physically bound chlorides adsorbedto the pore wallsBound chloridecan move under
specific conditios, such asarbonation and reduction pH (potential of hydrogendf the
concrete mediumThe understanding of total chloride contentviesry important asthe

propensityof steelcorrosion is affected by the total chloride concentration.

- cl- solid phase
cl- pore @ Free chloride
@ @ @ +}J @ Physically bound chloride

Chemically bound chloridg

solid phase

Figure 2.5. Classificationof chloride ions in concretgedrawn fromMaruya et al. (1998
andMaekawa (2009§)

Shafei et al(2012)proposed a finite element framework to obtain the chloride content
andcorrosion incidencef reinforced concretstructuresThe diffusion process was expressed
on the basis of Fickds s e c dialdvarialdewTheyproposed f r e e

a chloride diffusion coefficient which was a function of various physical presess
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D, =D, Q) £ () f,h) G4C) (2.6)
where, f,(T), f,(h), f,(A), f,(t.),and f,(C,) describe the dependence of chloride diffusion

on heat, moisture, carbonation, age, and free chloride, respectively. While the proposed
framework was deemed capable of capturing various signifigh@homenathe need for
experimental data from rebfe bridges for model calibration and validation was pointed out.

A study byMaekawa et al. (2IB) focused on the muiscale modeling of transport
phenomena in structural concrete. Various physical processes including, coupled heat,
moisture, chloride, carbon, and oxygen transport were taken into acCouirary tomostof
the contributionsn the literature that accounted for timepact of advection onlgn chloride
diffusion coefficient the authorsintroducedthe impact of advection transport directly in the
governing differential equation of chloride transpevhichis indeeda crucial stp for fully
coupled analysisAccording to the results, the holistic approach was capable of capturing
various physical phenomena, verified with experimergaults, and thadvectiondiffusion
transport was found to play a significant role in the trarisgfachloride ions.

Several researchers have focusedhmtransport of moisture in concrete structures
(Bagant and Najjar, 197 2; Ni | s s-®@ouny, 2D0¥;0 2 ; Me
RahimiAghdam et al., 2019)This is of prime importance as moistdiie@y transpot chloride

ions andsignificantly affects the diffusion of chloride the porous network of concrete

2.2.2Moisture Transport

A mathematical approach for the diffusion of moisture in unsaturated comste
proposedbBa gant and .The fiedaariablGsitednre@delative humidity instead

of evaporable water contefdthis is becausthe selfdesiccation term in the former was smaller
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thanthatin the latter. Also, the selection of relative humidity was found to give an easy tool
practice, as the boundary conditions are usually expressed in terms of relative humidity. The

transport of moisture was expressed by a nonlinear moisture diffusion coefficient, given by

Ch) =g, +—— %) 27)
e

1+[(L -h)/@ BT
where a,,, he, n are model parameters, aogis the moisture diffusion coefficient i fully

saturated conditionThe proposed law has ans8aped behavior and is sensitive to model

parameters, as shownHigure 2.6.

1 1
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0.8 08 n=12
n=16
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Relative Humidity, h Relative Humidity, h

(a) Model parameters in moisture diffusion (b) Sensitivity of parametarin moisture
coefficient diffusion coefficient

Figure 2.6. Moisture diffusion coefficient modgproposed byBa gant and
(illustratingfor c;=1).

According to the resultsBa g an't and fbuad theatransporiid mhdsjure
strictly nonlinear, with a strong dependence on relative humidity content.piidp®sed
approach was found to give a reliable estimate of moisture content in concrete specimens,
verified with experimental data. They also recommended a range of values for model

parameterghat are h, © 0.75, a,, n betwveen0.05 and 0.10, and 6 and 16, respectively.
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The transport mechanism of moisture can be expressed in tepmepfessurenstead
of relative humidityby theKelvin equationl Ba gant and Jir8sek, 2018)

_RTr,
B M

w

In(h) (2.8)

whereP; is the porepressureMy is themolar mass of water, and is the liquid water density.

Maekawaet al. (2003)proposed a transport mechanism for the diffusion of moisture on the
basis of pore pressul®y considering diferent phases of moisture, including liquid and gas
states According to the results, the model was found to give a reliable astiaf moisture
content in concrete specimens, verified by experimental tests on the acdwttision

phenomenon.
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2.3Mathematical Description of Chloride-induced Corrosion

Damagein Concrete

The presence of even hairline cracks in the vicinity r@spessing strandsan be
indicative of severe corrosion damafdaito et al. 2010a)Corrosionrinduced cracking is
associated with the volumetric expansion of corrosion products, which exert swelling pressure
onthe surroundingoncrete leading to the evelopment of tensile stresses, cracking, and even
complete loss of concrete.

A study by Maekawa et al. (2003jocusel on the rate of corrosion reaction in
reinforcing steel bars by proposing an approach based on thermodynamic electrochemistry. The
electrode potentials of two hatklls were obtained based on the Nernst equation, which for the

anodic reaction was given by
= B0 +Inh. (2.9)

where E_ is the standariton cell potential E..° is the standard iron cell potential at Z5, R
is the universal gas constart,, is the number of chargen iron ion and h_.. is the

concentration ofthe iron ion. The potential ofcathodic reactiorwas obtainedfrom the

following equation
RT
B, = E,° ?ln(Poz /P9 (2.10)

where Eonis the standard oxygen cell potential at Z5, z, is the number of charge in

oxygen, P? is the atmospheric pressuexd R, Is thepartial pressure of oxygein the next

step, the authors considered locahservation of electric charge and proposed the following
equation for anodic halfell:
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y - 2.30RT

_ oad i *
T 0mF og(i,/is") (2.11)

wherei,is the electric current density tte anodc site, andi,”the electric current density in

equilibrium at anode. The overvoltage for the cathodic¢wllfis given by

2.30RT

h, = TZOZFIOQ(L/W) 2.12)

where i_is the electric current density at cathodic site, ghthe electric current density in

equilibrium atcathode.

Several researchers have proposedalytical approachesto model corrosion of
reinforcing steel in concretstructures( Bagant , 1979; Maupingraad et
Richard, 1998; Hansen and Saouma, 199%bstudy byBa g a nt foCused ah%the
fundamentalof the problem and propasen analyticalschemefor modeling corrosion of
reinforcing steel irconcrete structures. The scheme tbba multitude of processes, some of
which were diffusion of moisture and oxygen, chloride transport, @edtrochemical
oxidationreduction reactiothroughanodic and cathodic half cellgvhile the authorseatly
reflected all the processes tmathematical formulatia) the need for experimentadrification
and methodmprovemenwas pointed out

Molina et al. (1993proposed a framework for time to first cracking of cover concrete

caused by corrosion. The model accounts for the volumetric expansion of corrosion products

and reduction in elastic modulus. The authors also proposed a mathematical relation to describe

the depth of the corrosion attack based on current deegjyessed by

Dx =0.032 10t (2.13)
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where, Dxis the penetration deptmm, | is the current densityp/cnf , and Dtis the time

increment,day. The analysis accounted for the occurrence and propagation of cracking by a
smeareedixed aack modeling approach. While the analytical approach could not give a reliable
estimate of crack opening displacement, it could successfully characterize some of the
experimentally observed behavior. The most controversial part of the arsalysimevas the
volumetric expansion of corrosion producésd the need forobust numerical schemes in
conjunction with experimental data on the parametric analysis of influential model parameters
werepointed out

A study byYouping and Richard (1998pcused on modeling the tirte-corrosion
cracking of reinforced concrete structures subjected to chloride ions. The proposed model
accounted fothe rate of rust pragttion, which was a function of rebar diameter, and corrosion
current density. According to the results, the model could reliably estimate the occurrence of
corrosion cracking on the surface of specimens, verified with experintestaésults

Severakresearchers have experimentallyservedhe occurrence aforrosioninduced
crackng on the surface of reinforced concrete specinf@hsSulaimani et al., 1990; Cabrera,
1996; Vidal et al., 2004)The extent of corrosiom reinforcing steebarswas found to b
inverselyproportionalto concretecover depti{Cabrera, 1996While the ratio ofcover depth

to rebar diameterg// , , was found to have a pressing effectloainitiation of crackingit did

not affectthe propagation afracks (Vidal et al., 2004)

Zhao et al. (2012)erformed experimental tedts investigate the cracking pattern and
rust distribution in artificially corroded reinforced concrete pesmhe specimensvere
subjected to saltwater spray under wetinging cycles for two year3 he authors introduced

a procedure for crack initiation, and rust diffusion, which relies on three different rust
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configurationsandrusts were found to move in the cracks onlyhe last stageé\s denotedn
Figure 2.7, Rustl appears in steebncrete in black color, termed3#a. Rust2 appears at the

occurrence of surface cracking in ddmown color, termed - F e O. Rust3 occurs after

surface cracking in reddisbrown color, termed E©s.

According to the results, the width of the cracks on the surface of the concrébeimeis
linearly proportional to the corrosion of reinforcing steel béhe width of the gtical surface
crackfor predicting reinforcing steel corrosiam the surface ahe concretewas definedas
0.07 mm An interesting conclusion of ¢hresearctpertains to the mobility of corrosion
products (rust). The penetration of rust into the corresidaced crack was observed after the
occurrence of cracking on the surfacetloé specimenshowever,corrosion products were

foundimmobile before surfaceracking.

Outer solution Outer solution Outer solution
TEFEEN (idlidd Y A O
Concrete Concrete Concrete t

< < < N <
Rust ® Rebar Rust © Rebar Rust ® Rebar
\ A A

Before surface cracking At surface cracking After surface cracking

Figure 2.7. Crack initiation, progression, andust intrusion inconcrete due tahloride-
inducedcorrosiondamagéfigure fromZhao et al. (2012)

A study byOtieno et al. (2016jocused on chloridenduced corrosion damader
concrete structures marine environmentand proposg a mathematical relationship for the
rate of corrosion. The scheraecounted foconcrete quality, crack widtandcover depthThe

authors have recommended a simplified expression for the rate of coygigemby
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= (0.64°%°0=" 100 )¢y yo2="7 ) (2.14)

icorr
whereDgo is the chloride diffusion coefficient at 90 daysjs the cover depth, and is the
width of the crackWhile the mathematical relation does not incorporate several influential
parametershat might influence the physics of the problem, such as heat, and electrochemical
processit was shown to provide an easwl andareliable estimate of corrosion rate.

The occurrence of cracking in concrete caused by volumetric expansion of corrosion
products affects several intrinsic characteristics of concrete in transport phenomena. Several
studies performed experimental tests to determine the impact of crack ogiepiagement on
chloride diffusion coefficienfWin et al., 2004; Kato et al., 2005; Ismail et 2D08; Akhavan
and Rajabipour, 2013; Lu et al., 201X)study byWin et al. (2004roncluded that the diffusion
of chloride ions in cracked concrete is significantly affected by cracking. The transport
mechanism was also found to be a function of water to cementKatm.et al. (2005jound
the diffusion coefficient a function of the crack width and proposed a simplified relapdos
describe the diffusion of chloride in cracked concrete. According to the results, the model was
found capable of capturing the actual chloride profile.

Ismail et al. (2008conducted experimental tests on several concrete specimens to
investigate the influence of cracking on chemical diffusion after up to two ydaes.esults

show thatfor a crackopening displacement smaller than/80, diffusion of chloridewas
irrespective ofcracking. Therefore, the authorgported 30/7m as the crack opening

displacement threshold.
A computational study bftshida et al., 2009pbcused ora phenomenological approach

to describe the impaof cracking on chloride transport in fully saturated conciéte. authors
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proposed the following chloride flux vector for the transport of ctiomn sound and cracked

concrete, whictincorporates sopfeaturedike constrictivity,andtortuosity.

aj ] o]
‘]cl = -(;WSdSDCI ﬁ% cr@cl BC'EP (215)

where W,and W, arethetortuosity of sound and cracked concr&andS;r arethe saturation
degree of sound and cracked concretgs the constrictivity of sound concretes is model

parameter; ., =w, /I, ,and
d, =0.99tanig 1.4 1o, ( logw,) +5)5g . (2.16)

The constrictivity parameter d

[, reduces the transport of chlorifler a small crack
width. According to the results, the model gave a reliable estimates ghloride profile in
cracked concreteyhich wasverified with experimental tests. While the phenoniegical
approach gave a good estimate of experimental response, the paithi@md outfuture
validation for theapplicationof themethodin reallife structures.

A study by Akhavan and Rajabipour (2013)cusel on the influential parameters

characterizingthe transportof chloride in cracked concretdhe study reli@ on chloride

migration tests on preracked concrete samples with a crack width ranging #0ta 100//m

. According to the results, the diffusion coefficient was found linearly proportional to the crack
volume fraction In that respct,the proposed linear modghvea reliable estimate of chloride
contentin cracked concret@ follow-up study byLu et al. (2017)ndicated that the frequency
and spacing of craslalso impacthediffusion of chloride in cracked concrete.

Park et al. (2012ajvestigated the impact of cracking on chloridgressin cracked

concrete. They performed sevecaloride migration and salater spraytestson precracked
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concrete specimens. Subsequently, the authors proposed a numerical framework by introducing
a Representative Element Volume (REV) approach for the transport of chloride in cracked
concrete. The schemaccounted forseveral influential @arameters in chloride diffusion
coefficient in REV given by

W, D
D, =222 D, (247)
R%

where W, is the tortuosity of the cracl§ is the degree of saturation is the porosity, and
R, = A/ A, is the ratio of element to crack ayead
D, =D,(1 347.85, 1642%,° 4189.2¢7° (2.18)

The first term on the righhandside ofequation(2.17) denotesthe dependence of the eqaiient
diffusion coefficient on the craokg. Results have shown that the proposed scheme could give
a reliable estimate of chloride profile in cracked concrete, verified with experimental tests. In
addition, the diffusion mechanism was found to be significantly affecteddak width.

Cracking incementitious materialglso affect the pace of moisture transppsvhich
may increase by several ordef magnitudeA study byBazant et al. (198 is one of the first
documentsn the literature that investigated the impact of craclonghe permeability of
concrete structures. They performed experimental tests on several concrete specimens and
proposed a mathematical formulatiom describemoisture transporin crackedconcrete
structures. Theproposed mathematical relation shown in equat{@rl9) for the permeability
coefficientwhich incorporategshe geometry of the cradk the calculationin particular, it

considers the spacing and width of the cracks as influential model parameters.

Ko =Kyt e G 8
b S

p

(2.19)
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whereKo is the moisture diffusion coefficient in sound concrefgjs the major crack width,

ki is acoefficientspecifyingcrack passage with neand a ,, and b, are fraction of pore size

and length, respectively, as showrFigure 2.8.

//////,/f////////////f/////A

Figure 2.8. Idealized definition of crack model parameters influencing moisture transp
cracked concrete, proposBdzantet al. (1987]redrawnfrom Bazant et al. (1987.)

The authors further simplified their approach and proposed a coefficient for crack

geomety [i.e., the last ternon the righthand side of equatiof2.19)], which reads as follows:

3

Ko =Kod %) 220

wherek, =k (a pg/ ) , approximated a&, =10 mmi?. According to the results, the moisture

permeability coefficient in cracked concrete wasportional to the crack width cubed and
inversely proportional to crack spacimccording to the results of the experinarieststhe
proposedscheme was found to give a reliable estimate of moisture transport in cracked
concrete.

A study byAkhavan and Rajabipour (201f®)cusel on the impact of crack geometry
on the permeability of moisture in cracked concrete. The authors proptadeématical
relatiorshipsto describe moisture transport in cracked condrgtacorporatingvarious model

parametersnto account such ascrack width, crack tortuosity, and crack roughnédse
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tortuosity of the crackvasdefined as the ratio of the actual crack path, with respect to the
shortest path possibl&+#axin Figure 2.9), and surface roughness denotes the wavy shapes of

the crack mouthThe tortuosity of cracks was estimated by

[, = -max (2.21)

with Xmaxandle beingtheshortest crack patnd crack length, respectivelgshownin Figure

2.9.

é\ reference ling€
N

i ~slopea
K

XO )(0 + / Xmax ;(

Figure 2.9. Model parametersharacterizinghetortuosity and surface roughness of crac
proposedby Akhavan and Rajabipour (2012)edrawn from Akhavan and Rajabipot
(2012).

The roughness of the crack wabtained in two stepshe first of which in local

coordnate:
Ry =& Z(Y -Z )] otse )] 222

with model parameters shown kigure 2.9. Subsequently, surface roughness was averaged

over the length of the crack by

1 X

Re =7 a (R (2.23)
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Considering the impact of crack geometra@smoisture permeability, the following

relationship was proposed:

K —_ I‘CI'WCI’2 224
T 1201+ 8.R*) (224

where,R = R, /2w, denoteshe surface roughness of cracliccording to the results, the

proposed moisture permeability coefficiegdve a good estimate of moisture transport in
cracked concretelhe andytical response was found sensitive to model paramedadsthe

best response was obtairfedim thebestfitting with the experimental dafars_ =0.21, and
R, =8.9mm.

Park et al. (2012kperformed experimental tests and developed a numerical scheme in
cracked FVE to investigate the impact of cracking tre transport of moisture in concrete
specimensThe proposed approaettcounted focrack geometry and properties of moisture

material given by

o, W8P
— cr ~ ZdV cr % )
e &A S N, gl 3n’ &5( (229

cr 0

W éj
v

whereW, =p®/4, h is the fluid viscosity,n =3.704 310%, P is the vapoipressurerc is the

critical pore radius, andis the pore radiu®As shown i the last term othe righthand side of
equation(2.25), permeation in cracked concrete was correlated tdoimeh power ofcrack
opening displacemenTests have shown that permeability in cracked concrete significantly
increases for a crack @th of more than 0.2 mm, in particular, for a cragening displacement

of 0.4 mm thetransport of moisture was found to be more than 1000 tihasf the sound
concreteln the end, the proposed scheme was found to give a good estimate of permeability

cracked concrete.
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The impact of cracking on permeability has been investigated by several researchers
through a model which correlates the moisture permeability coefficient to the second power of
crack opening displaceme(Rastiello et al., 2014; Shin et al., 2017; Mengel et al., 20&d)e
other researchers have found a cubic relation between crack opening displacement and
permeability coefficien{Fahy et al., 2017; Gortz et al., 202A)numerical study bys0rtz et
al. (2021)investigated the impact of cracking on moisture transport in concrete. The proposed
scheme incorporatighe impact of cracking otihe moisture permeability coefficient in a fully

saturated condition and moisture capacity. The fomasdescribedy

W2
=z, O W

cr f 12\/k I (226)

e

where g is the gravitational accelerationy, is the kinematic viscosity, and, is a model

parameter.

While the isolated facet ofhe transport phenomena, i.e., moisture and chemical
transport in cracked concrete are significantly affected by crack opening displacement, the
coupling effect between thehloride and moisture transpowtith the simultaneous existence
of mechanical damags of significant importanceGiven the complexity of experimental tests
under wettingdrying cycles and numerical difficultietherehave beeffew researclstudiesn

this aregWin et al., 2004; Kato et al., 2005; Lu et al., 2017)
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2.4 Uncertainty Quantification

The quantification of uncertainty for various model parameterdhénanalysis of
chlorideinduced corrosion damage in prestressed bridge girders provides insights into the
underlying factors contributing to the variation in corrosion damage observed across different
bridge segmentsAs an initial step, a literature reweis deemednecessary for a better
understanding of the range of key model parametatsing chloridenduced corrosion
damage While the range of the model parameters is provided in this section, the deciding
factors for selecting impactful parameterdl Wwe postponed tsubsequengections.

A comprehensive study Bi/eyers et al. (1994pcused on the service life estimate of
several bridge girders across the united states. More than 2700 concrete samples were taken
from 321 bridges uhjected to the use of deicing salts for chloride concentration tests. The
authors provided valuable experimental data on chloride titration tests and proposed a
simplified tool b a sdesdribecathe intrusian kadilsridefin gorscitete | a w ¢
structures. According to the test results, the mean range of surface chloride was found to be
betweerl.07 kg/ni (for the state of Arkansas) aBb8 kg/ni (for the state of New York), with
a coefficient of variation of 0.72, and 0.58spectively.

McGee (1999)performed a series of chloride titration tests on several Tasmanian
bridges and proposed a service life modeling approach for bridges exposed ttesalivey
based on the experimental tests on 1158 bridges. The author proposed a range of surface
chloride for concrete bridges, characterized by their distance from the coastline. According to
the results, the mean range of chloride was bet@@&kg/m? for bridges witln 2.84 km from
the coastlineand9.31 kg/m? for bridgesin the coastal zonwith a coefficient of variation of

0.653 and 0.487, respectively.
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The concentration of chlorider concrete bridges exposedsaltwater spray was also
investigaedby Val (2007) whofound a surface chloride ofkg/m? for data collected from the
atmospheric zone afie Mediterranean coast.

The chloride diffusion coefficient is another influential parameter in the quantification
of uncertainty of chloridénduced corrosion damage d¢oncrete bridgesThere is a multituel
of parameters affecting diffusivity, the most important of whigchoncrete composition and
time. The uncertainty of diffusivity can be found from a range of chloride diffusion coefficients

reported in the literaturégr instance

at, &
D — D ref Y (227)
cl ref éﬁag_e 8
where t is the timecorresponds to the referenckloride diffusion coefficientD , t,..is

specimen age, and,is an age factorcharacterizingthe temporal evolution of diffusion

coefficient.

Several researchers have studied the temporal evolution of chloride in concrete
specimensMlangat and Molloy (1994)onducted experimental tests on several concrete prisms
and performed model validation with a simpliftdo r mul at i on based on Fic

suggested various exponents for the temporal evolution of chlarigde ranging from 0.40 to

0.86 and proposed the following equation

U :2.5(%) 0.6 (2.28)

age

where wt is the watetto-cement ratio.
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A study byMaage et al. (199&oncluded a range fdhe age factor between 0.32 to
0.96.Benz and Thomas (200fgundtheage factor varying frord.20 to 0.44 and proposed an

empirical relationship, given by

. AO 0
U, =0.2 10.£70(FA) - %(SC) (2.29)
g8 50 70

where FA and SG stand for fly ash and slag cementitious material.

A study byLu et al. (2015)focused on the advection diffusion of chloride ions in
concrete specimens. A simplified transport model was developed to investigatatietof
chloride under wettinglrying cycles and the impact of thge factor. According to the results,
the author found a range for the age factor between 0.46 and 0.72.

Shafei et al. (2012)onsidered an age factor of 0.04, whidefib model codgSchiel3|
et al., 2006yecommended a lower and upper bound of 0.0 andMtl®a mean value of 0.30
and a standard deviation of 0.12

The moisture diffusion coefficient is another influential parameter igtla@tification
of uncertainty of chloridénduced corrosion damage concrete bridgesThe variability of
moisture diffusivity is affected by various parameters, the most important of which is the
concrete compositiong study byBa gant and fddusédjommoistird teaidsport in
concrete specimens various settings. According to the fitting with the expemtal data, the

diffusion coefficient in fully saturated conditiswithout atemperature gradient was found to
vary betweerd.667010°m? /sand4.421010°m? /s,while the upper bound was found to be

2.234010°nv* /s underatemperature gradient.
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Fib model codéor structural concret@-1B, 2013)recommendéa mathematicahodel
for the moisture diffusion coefficiemh concrete structures undefudly saturated condition,
whichis proportional to theompressive strength of concreggven by

C, = Co (2.30)

fi- 8

o=
where, C_, =10°nt / sis the reference moisture diffusion coefficient arigdis the concrete
compressive strengti@Given the lower and upper bound of 20 and 50 MPa for compressive
strength of concrete moisture diffusivity takes the value 08.333010"°m’ /sand
2.381010°m?* /s, respectively.

RahimiAghdam et al. (201%staltished a mathematical treatment for the transport of

moisture in concrete, which was a follayp studyonBa gant and nhdel. Thar (19

authors recommended a moisture diffusion coefficient given by
C,=60[1 42w /c 017 U/ (2.31)

where U/ [denotes the hydration degree. Givespecific hydration degreethe moisture
diffusivity coefficientfor waterto-cement ratie of 0.30 and 0.6¥aries 3.13 timesA study by
Bagant and fdundtBatoedkcontretdspeiinen with good quality, theisture
diffusion coefficient ina fully saturated condition varies twice, betwekd57*°m?* /s and
2.315010°m? /s.

Critical chloride contenthat corresponds to the chloride threshold depassivating the
protective film formed on the surrounding amef prestressing steel is an influential model
parameter in the uncertainty quantification of chlojilsiduced corrosion damage of bridge

girders.A wide range of values based on the exposure environment and concrete compositions

has been reported in theerature.
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Stratfull et al. (1975pperformed chloride titration tests on twertiyo bridge girders in
the state of California in order tdentify the critical chloride content characteriziegrrosion
incidence of prestressing strands. Based on the results, the authors recommended a critical
chloride threshold 00.59 kg/ni for the initiation of active corrosion in concrete bridges. On
the other hand, the chloride content2®7 kg/ni on thesurface of prestressing steel in one of
the specimens was not found to lead to active corrosion, corroborating the uncertain state of the
problem.

A study byVassie (1984Jocused on the durability of concrete bridgascording to
the results shown ifable 2.1, the probability of corrosion is related to the content of chloride
ions in concrete bridges. While it was believed that a critical chloride threshold of {d&5%
cement magscorresponds ttheincidence of corrosion, some speeims hd shown signs of

corrosion for smallechloridevalues.

Table 2.1. Threshold of the chlorideharacterizing the performance of bridgesproduced
from Vassie (1984)

0.200 035> 050 1.06¢

- 0 0 0
Chloride rang€% of cementmas 0.20% 0.35% 0.50% 1.00% 1.50% 1.50%
Number of cases investigated 99 86 43 105 59 54
Number ofcorroded specimens 2 19 10 34 38 41

Percentage of corroded specimens 2% 22% 23% 3% 64% 76%

Hussain et al. (199¢@)erformed a series of experimental tests to investigate the threshold
of chloride initiating corrosiolf reinforcingsteel embedded imortar specimen#ccording
to the results, the threshold for free chloride was found irrespectitrecatium auminate
(C3A) content while the threshold based on the total chlorwas influenced by €A. In
particularthe thresholaf total chloride varied between 0.48 and 0.59, 0.73 and 0.85, 1.01 and

1.20 (% of cement mass), for cement with 2.43, 7.59, and 14 %Aof€Spectively.
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A study byHenriksen and $ttzner (1993)focused on the propensity of chloride
induced corrosion damage in various Danish bridge columns. Based on the chloride titration
test results, a wide range of variability was found in the relation between chloride content and
corrosion iridence. In particular, the minimum threshold for corrosion initiation was found
0.05 % [ of concrete mass (or 0.30 % of cement mass assuming a 1:6 concrete to cement ratio)],
while some specimens with a critical threshold of 0.10% [ of concrete mas8{®s 6f cement
mass] were found free from corrosion damagable 2.2 summarizes the critical chloride
content threshold initiating the incidence of corrosion.

Table 2.2. Threshold of thechloride characterizingchloride-induced corrosion damage in
reinforced concrete specimemnsproduced fronHenriksen and Stoltzner (1993)

Chloride content at steel leve
(% of concrete mass)

Percentage of corroded casi 0% 40% 100% 33% 67% 92%

00.04 0.05 0.06 0.07 0.08 0.10

A number of studies have focused on the critical chloride content in reinforced concrete
specimensMaekawa (2008and Hussain and Ishida (201t#@¢commended a critical chloride
content of 0.40%of cement magsfor the incidence of corrosio® study byShafei et al.
(2012)focused on corrosion in bridges suggested a chloride threshold of 1.0% (of cement mass)
for corrosion initiationFib model code considered a range for critical chloride content with
lower and uper bound of 0.2 and 2.0 % (of cement mass)da mean value of 0086 (of

cement mass) with a standard deviation 05%.1

Severalstudies have dedicated their focus to the probabilistic approach in determining
the corrosion initiation time ofeinforcing steel in concretd study byKong et al. (2002)
focused on investigating the rddiity of chloride penetration in fully saturated concrete as a

mean to determine the corrosion initiation time. The analyses incorporated several model
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parameters to account for the variability in factors influencing the onset of corrosion. The
chloride dstribution was obtained using a deterministic approach and then combined with a
Monte Carlo simulation to study the temporal evolution of chloride influenced by two
influential random variables. The study revealed that the distribution of water/cenwhthat

a profound impact on the distribution of chloride. The Monte Carlo method demonstrated good
capability in evaluating the propagation of uncertainty in the chloride distribution. Additionally,
the method provided the probability of corrosion inibatithrough a cumulative distribution

function.

A study byVal and Trapper (2008focusedon providing a probabilistic overvieof
corrosion initiation by considering various physical processes. The analyses involved the
consideration of various model parameters. Due to the aleatory nature of the problem and
limited experimental data, the authors opteddnormaldistributiors for surfaceand critical
chloride, while assigning a legormal distribution to the moisture and chloride diffusion
coefficient. The study found that the variation in ambient relative humidity had a significant
impact on chloride transport, which in turharacterized the time to first corrosion initiation.
Notably, incorporating a twdimensional account of exposure was found to substantially

reduce the corrosion initiation time.

BastidasArteaga et al. (2011¢mployeda probabilistic framework to determine the
concentration of coasiontinducing chloride ions in concrete. The study focused specifically
on unsaturated concrete and considered several physical processes. The evaluation of corrosion

probability was carried out by comparing tentent ofchloride with the critical chloede.
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Consistent with previous works, the distribution of critical chloride was assumed to
constitutea normal distribution, while the distributions of moisture and chloride diffusion
coefficient were considered legormal. The primary probabilistic tool utilized in the research
was Monte Carlo simulation. Considering a case withdimeensional exposure condition, the
probability of corrosion was found to be higher than 50% after around 25 @eatise other
hand,for a case with twedimensional exposure conditions, the corresponding duration was

approximately 20 years.
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Analytical Evaluation of Corrosion-Induced
Strength Degradation in Prestressed Bridge
Girders

This chapter present nonlinearfinite element analysispproachto determine the
impact of corrosioinduced damage on the leadrrying capacity of prestressedncrete
bridge girdersThe analyses rely on two types of models, namely, beam models and nonlinear
truss modelsThe latteraredeemed necessaliy obtain reliable estimates of the shear capacity,
as beam models are not wtlilored for capturing shear failure& procedure taccount for
the reduction in area and deformability of corroded strands, based on visually observed
corrosion damage, is proposed and implemeriteemodelsarecalibrated andalidated with
the results of experimental tests on prestressed girders wkinthited varying levels of
corrosioninduced damagéd-his chapter is published in tBeurnal of Structural Engineering,

volume 148, issue 11, 2022.

Despitethe significant amourdf previous research focused on the impact of corrosion
on the performancef bridge girders, there is still a need for analytical models which will enable
the systematic parametric investigation of corroslamaged girders. The availability of
validated simulation tools will allow the development of desigented procedurefor
evaluating the flexural and shear capacity of designed girders. chapter employs

computational simulation to elucidate the influence of corrosion damage on thealogdg
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capacity of prestressed bridge girders. Nonlinear beam models and taels mere used to
analytically estimate the flexural and shear strength of prestressed girders with and without
corrosion in the prestressing strands. The models are supplemented by an algorithm to account
for visually observed corrosion on the mechaniealstance of the strands and concrete. The
models are validated using the results of experimental tests on girders taken from two bridges
in Virginia, which exhibited varying levels of corrosion damage. Additional analyses are
conducted to quantitativelyetermine the strength degradation due to corrosion and assess the

accuracy of simplified expressions for obtaining the ultimate capacity of damaged girders.

3.1 Description of Experimentally Tested Girders

The present study is focused on prestressed girdech Wwad been removed from two
bridges in Virginia. The crossectional geometry of the two types of girders is presented in
Figure 3.1, while the layout of their shear reinforcement is presemt&thure3.2 (Aliasghar

Mamaghani et al., 2022)

965
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(a) I-section girder (b) Box-section girder

Figure 3.1. Crosssectional geometry for the two types of girders tested (dimensions in |
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The girders were experimentally tested at the Thomas M. Murray Structures Laboratory
of the Virginia Polytechnic Institute and Stateiversity (Alfailakawi et al. 2020; Al Rufaydah
2021).All girders included Grade 270, stresdieved, Zwire strands wh a nominal diameter
of 11 mm (7/16 in.)Four of the girders had arskction and were removed from the Lesner
Bridge locatedn Virginia Beachafter 49 years of servic&@hese girderdad a span of 15.16
m (49 ft 9 in.) an AASHTO Type Il section with 2&randsa concrete top slab which had a
thickness of 178 mnf7 in.) and included mildeinforcement, and a 51 m(& in.) concrete
overlay,as shown irFigure 3.1(a). Eaclgirderwas cut from the bridge, and the slab of the as
tested girders had an effective width of 965 1@t 2 in.). The girders were also reinforced
with No. 4stirrups, with a diamter of 13mm, for sheafhe spacing of the stirrups varied along

the length of the girdeas shown ifrigure3.2(a).

5@76 3@102 11@152 12@178 6@229 5@305

f13mm 7% 380 304 1672 2136 1374 1525

T TN T N A A S N N N S S N S
\ B e e e e

(a) I-section girder

[

2@102 26 Single U@304 & 26 double U@304
f16mm 76*»‘;»“204} 7904 f

I
A VY Y |
o . |
. o NN |
- I
- co esese oe eed \K/ !
LT 152 mm .t|

(b) Box-section girder
Figure 3.2. Shear reinforcement arrangement (dimensions in mm)

61



Chapter 3Analytical Evaluation of Corrosiemduced Strength Degradation in Brid@eders

The remaining fougirders had a begection and were taken from the Aden Road
Bridge located neaQuanticq Virginia, after 34 years of servicEéheyhad a span of 16.76 m
(55 ft), a sectional width of 1219 m ft), a sectional depth of 686 m@ft 3 in.), and a total
of 33 strandsHigure 3.1(b)]. They were reinforced witlsingle and double {$hapedNo. 5
stirrups with a diameter of 16 mm arad a spacing 052 mm, as shown iRigure3.2(b).

Prior to testing, the girder specimens were inspected for corrosion, and the location and
extent of damage were recordddhe corrosion was due to chloride ingress, attributed to sea
sdt aerosols for the Lesner bridge and use of deicing salts for the Aden Road bhdge.
observed damage had the form of cracks parallel to the axis of the girder or loss of concrete

cover and exposure of strands, as showfignre3.3a andrFigure3.3b, respectively.

(b) Section loss

Figure 3.3. Examples of visually observed corrosion damage for tested girders
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The first Fsection girder was in a relatively undamaged condition (given its age), the
second and thirdgirder had the damage presenteBigure3.4aandFigure3.4b, respectively

in the midspan regions, and the fourth girder had little visible damage.

~--.Concreté¢
“-=7  loss
—— Crack
. o Patched . o
(a) Specimen 2 (b) Specimen 3

Figure 3.4. Typical observed damage for girders withlasection

The midspan regions of the first three ks®ction girders exhibited the corrosion
damage shown ifrigure 3.5. Thefourth and final boxsection girder specimen had the most
severe corrosion damage, which also varied along the length of the specimen, as presented in

Figure3.6.

|=1 Concrete loss— CracK

(a) Specimen 1 (b) Specimer2 (c) Specimen 3

Figure 3.5. Typical observed damage for girders withax-section
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(a) Observed damage along the length (view from bottthmensions in mm)

[%7 Concrete loss— CracK

(e) Crosssection in (f) Crosssection in (g) Crosssection in

Figure 3.6. Observed damage for b@ection girder 4

A detailed schematic presentation of the damage recorded for the various specimens
prior totesting is provided ifrigure 3.7 to Figure 3.12. The girders were experimentally tested
as simply supported beams, subjected to monotonically increasing vertical downward forces
until failure. Six of the girders (three of each type) westdd under a foypoint bending setup,
with two vertical forces applied at distances of 1.2 m (4 ft) from midspan. The sbee#o-
totalspan ratio for the flexurdominated 1 and boxsection girders was 0.40 and 0.41,
respectivelywhich correspondetb shear spato-depth ratios of 5.2 for thedection girder
and 10.0 for the begection girderTheremaining specimens, which were meant to provide the

shear strength of the girders, were subjected to a single vertical load, applied at a distance of
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1.8 m (6 ft) and 1.2 m (4 ft) from one of the two supports for thent boxsection girders,

which corresponded to shear sgardepth ratios of 1.6 and 1.8, respectively. The span length

in the shear tests for theséction girder was 9.91 m (32 ft 6 inghile the corresponding value

for the boxsection girder was 16.26 m (53 ft 4 in.). The placement of a single load at a very
short distance from the support meant that the girder region between the applied load and the
nearest support would be subjecteda very high shear force before the development of

significant bending moments, thus ensuring that shear failure would occur before flexural

failure.
11E Tsssf 584@254 TSOBT» 940# 1854ﬂ }E%OG[ Tiﬁqm
5131 J 7442 J 2591
15164
(a) Front elevation view
1178
L =
11659 J J 3353
15164 152
(b) Back elevation view
4; @j 406
i» T» 5841‘ T; 1854‘;( W
5486 J 6579. J 3099
15164

(c) Bottom view
Figure 3.7. Observed damage along the length-section specimen @imensions in mm)
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Figure 3.8. Observed damage along the length-séction specimen @imensions in mm)

(c) Bottom view
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Figure 3.10. Observed damage along the lengtibox-section specimen (imensions in

mm)
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Figure 3.11. Observed damage along the lengtibox-section specimen @limensions in

mm)
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Figure 3.12. Observed damage along the lengtibox-section specimen @limensions in
mm)

3.2 Analysis Methodology

The analytical simulations of the corrosidamaged girders employed two modeling
approaches, namely, beam models and nonlinear truss models. Both methods, together with the
corresponding material laws, have been implemented in the resescted progra FE-
MultiPhys(Koutromanos an&arhadi, 2018)which was used for the analyses presented herein.

The first model type relies on discretizing a beam (line) member into multiptel@
beam finiteelementdFigure 3.13(a)], whose kinematics are governed by the E&lemoulli
theory (e.g., Koutromano®018§. The finite element approximation uses linear polynomial
interpolation functions for the axial dispment and cubic Hermitian polynomial interpolation
functions for the transverse displacement (Koutroma0@§). The calculation of the resistance
of each element relies on a fiber sectiomaldel [Figure 3.13(b)], wherein the beam cross

section is subdivided into smaller regions, called fibers. Each fiber is assumed to have a constant
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axial strain value obtained from the reference axial strain andtcue of the section. Separate

fibers are used for the individual prestressing strands and reinforcing bars in the beam section.
The stress of each fiber is obtained using a uniaxial sttems law. The axial force and

bending moment of the cresecton are calculated as sums of the corresponding contributions

of the individual fibers. Beam models have been shown to provide an accurate and numerically
efficient solution for simulating the nonlinear response and ultimate resistance of -flexure
dominatecbeams Dal | ' Asta and Dezi, 1998; Ariyawar de

2007)

]

[ —— )
Y~ nodes— "

—>X

(a) Z2node element (b) Fibercrosssectional law

Figure 3.13. Beam elements used in analysis

Nonlinear truss models were also created to simulate the response of girders that failed
in shear, given the fact that shear failures (strength degradation associated with large, inclined
cracks) cannot be accurately captured by bbased models. Truss ohels(Panagiotou et al.,
2012)rely on the representation of a concrete member as an assemblage of horizontal, vertical,
ard inclined truss (line) elements, as showkigure3.14(a). The inclined elements are meant
to describe the compression field that develops in cracked members. Truss models have been
extensively used with success for simulations of reinforcedret(RC) wall(Panagiotou et
al., 2012; Deng et al., 202and columr(Moharrami et al., 2015omponents undergoing shear

failures. The only potential difficulty of nonlinear truss modslthe need to manually define
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the truss representation oh &®C component, which may be cumbersofoe practicing
engineers To address this potential issue, the analysis appraaeld herein, originally
presented iDeng et al. (2021)s implemented in such a fashion that each truss standard panel
T consisting of four nodes in a rectangular arrangement connected through two horizontal, two
vertical and two diagonal truss elemeiitgs programmed as a rectangular, foode macre
element, as schematically summarizedrigure 3.14(b). The truss panel is represented as a
rectangular element, facilitating the model definition and the-pastessing of the results
However,the actual computations for the set of four nodes comprising the panel (i.e., the
calculation of internal nodal forogector and tangent stiffness matrix for the specific nodes)
use an underlying truss panel assemblae.areaf each element is established as the product
of the inplane effective widthber, times the oubf-plane thickness of the concrete beam. The

effective width values used for the various elements are schematically presdsitpaes.14

(c).
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Concrete Beam Truss cell 4-node element
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(a) Modeling Procedure (b) Implementation as a rectangular maelemer

[reproduced fronDeng et al. (2021yith permissioip
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beff
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(c) Effective width of truss cell components (vertical, horizontal, and diagonal)

Figure 3.14. Nonlinear Truss Model

3.3 Material Models

3.3.1Concrete Model
The material stresstrain law used for the concrete is schematically summarized in
Figure3.15a), and was originally formulatl byLu and Panagiotou (2014)he specific law

can account for the nonlinear strestsain relation before reaching the peadmpressive
strength, f_iand for the occurrence of softening associated with compressigaing The

response in tension is assumed to be linearly elastic, until the stress reaches the tensile strength,

f , after which the model includes softening to account for tensile strength degradation

t?

associated with crack propagation.
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(a) Stressstrain curve (b) Factor for transverse tension in inclined tr
elements

Figure 3.15. Concrete material model

As mentioned in the previous section, the nonlinear truss models used in the analysis
include inclined (diagonal) elements meant to describe the compression field forming in the
webs of the beam girders. The effect of transverse tensile strains on thessingresistance
of these inclined elements is accounted for, in accordance with the Modified Compression Field
Theory (Vecchio and Collins, 1986)Specifically, if an inclined truss elentenarries a
compressive stress, then this stress is multiplied by a reduction coeffijcidrith is a function

of the tensile straire, in the direction perpendicular to the truss element as schematically

shown inFigure3.15(b).

The material law for concrete involves softening, which introduces spurious
meshsize effects in a finite element analysis, as explained in,Bagant and Planas (1997)
A regularization, i.e. adjustment of the softening portions of the corstretgsstrain law, is
conducted to address this issue. The present study adopts the regularization approactdby
Panagiotou (2014)which gipulates that the calibrated stredgin laws of the concrete

material correspond to a square panel with a given kigegqual to 600 mm. If the actual
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element size is different thary, then the softening portions of the stregin law will reuire

adjustment, as explainedlim and Panagiotou (2014)

3.3.2Steel Model

The stressstrain behavior of the reinforcing and prestressing stekdssribed through
the model byKim and Koutromanos (2016As shownn Figure3.16(a), the specific material
model can describe the salient features of the sstesis curve for reinforcing bars, such as
the yield plateau and nonlinear stragsin relation in the straihardening regimelhe model
can also account for material rupture, by stipulating that the material at a given location loses
the capability to carry stresses if an ev@reasing paramet€rattains a usetefined threshold
value D¢r. As describedn more detail irKim and Koutromanos (2016 is related to the
inelastic work accumulated under tensile stresses. The evolutibni®fcontrolled by he

following rate expression.

<%
.

¢
10 otherwise

__”(D

D=

-|oo o:“i

)

wheref is the steel stresk, is the yield stress,is a material constant, ang is the rate of the

plastic strain.

With proper calibration, the material law is also capable of reproducing the
experimentally determined strestsain curve of prestressing strand specimens removed from
the girders, as shown KFigure3.16(b). As deduced from the same figure, several tested strand
specimens ruptured before the development of any inelastic deformations. These specimens

corresponded to strands which had visible corrosion damage.
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Figure 3.16. Material model for prestressing and reinforcing steel

3.4 Accounting for Corrosion Damage

The analytical models are properly adjusted to reflect the visually observed, carrosion
induced damage in the bridge girders simulated. Two types of adjustment are conducted,
namely, a reduction in the cressctional area of strands and a reduction irddfermability
of the strand material. As mentioned earlier, the visually observed damage in the girders can be
classified in one of two categories, namely, cracks which are aligned with the axis of the girder,
or concrete section loss. The two types ahdge for a crossection, and the affected strands,
are schematically presentedRigure3.17a. As shown in the figure, a corrosicglated crack
is assumed to affect the area of two sets of strands. Specifically, the area of the strands directly
next to a crack is reduced by 40%, dhd area of the adjacent strands (i.e., the strands in the
vicinity of, but not directly next to a crack) is reduced by 20%. A strand is assumed to be directly
next to a crack if its minimum distance from the crack is less than 4 cm, while it is assumed t
be an adjacent strand if the same distance is between 4 cm and 8 cm. An adjustment is also
conducted for regions with concrete spalling and exposure of the strands, also shigunein

3.17a.
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(2) Schematic explanation (b) Wires in strand directly next to crack

Figure 3.17. Descriptionof procedure to account for corrosion damage in analytical
models

Some of the girders considered in this study had been previously repaired by patching
the regions where concrete loss and strand exposure had occurred. Investigation of these repairs
demonstated that strands within the patched region had little remaining-sectisnal area.
Therefore, a reduction of 90% is applied to the area of the strands in such patched regions.
Finally, it is worth mentioning that testing of the third bgixder specime revealed that a
significant amount of water had accumulated in the hollow region of the box section. This water
flowed out of the girder after the occurrence of significant flexural cracking in the experimental
test. The presence of this water (and thensl corrosion that it may have entailed) is accounted
for in the model of that girder by a 15% reduction to the area of all strands in the affected region,
i.e., the bottom flange of the section. As will be shown later, this reduction is important for
obtaining accurate estimates of the flexural capacity.

The deformability of several strands removed from the girders was found to have been
reduced due to corrosion. To account for this effect, a modified calibration was adopted for
heavily corroded wires. Hese are assumed to be the wires of all strands located in patched
regions, and three out of the seven wires in the strands directly next to a crack. The stipulation

that only three out of the seven wires will be heavily corroded for the latter typandsis
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based on previous recommendations in the litergfleen et al., 2019; Jeon et al., 2020y
the schematic considerations presentdelgnre3.17b, based on which three of the seven wires
would be directly exposed to the atmosphere for adimart to a crack. The heavily corroded
wires are assumed to rupture at a tensile strain of 1%, which would correspond to rupture prior
to yielding for the stresstrain curves presentedkigure3.16b. It is worth mentioning that the
value of 1% adopted herein for damaged wires is consistent with recommendations established
in previous studies in the literatu¢ghang et al., 2019; Jeon et al., 2020; Franceschini et al.,
2022)

Concrete section loss associated with the corresidnced damage is also accounted
for in the analyses, by reducing the area of the fibers in the sections of the beam elements and
by reducing the @a of the elements in the truss models of the sh@ainated girders. The
properties of concrete in patched regions were assumed to be identical to those of the
undamaged concrete. The impact of corrosion damage on theslypbehavior of the strands

is neglected in the analyses.

3.5 Analysis Results

This section presents the results from the analyses of the eight girders which were
experimentally tested. Each analysis began by first applying an initiair{dalfed) strain in
the strand material tobtain the effective prestressing of the strands (estimated from hand
calculations). The values assigned to the various parameters of the concrete material model are
summarized iMable 3.1. The compressive strength value for the girder and concrete deck was
obtained from tests on cylindrical samples taken from each specimen. Given the compressive

strength, the modulus of elasticity was estimated using the equatiposed in the ACI 318
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Code(AClI, 2019) The concrete tensile strendittvas calibrated so that the cracking load value
for each analysis matches tt@responding experimental value.

Table 3.1. Properties of concrete for girder specimens and summary of material model
parameters in the affected regions

C cint cres t cr

fi E f f o e f €
(MPa) (MPa) (MPa) (MPa) e “* (MPa) 310°

Specimen Location

Deck  49.6 33347 422 5.0 0.0025 0.0028 0.04 2.3 6.97

Gl Girder 40.0 29930 34.0 4.0 0.0023 0.0027 0.04 2.0 ©6.68
G2 Deck 241 23250 205 2.4 0.0018 0.0028 0.005 1.6 6.97
Girder 38.6 29410 32.8 3.9 0.0022 0.0027 0.005 2.8 9.38
Deck 19.7 21017 16.8 2.0 0.0016 0.0025 0.003 15 6.97
63 Girder 42.1 30694 357 4.2 0.0023 0.0028 0.005 4.0 13.14
G4 Deck 294 25651 25.0 29 0.0019 0.0028 0.005 24 9.36

Girder 37.0 28772 314 3.7 0.0022 0.0030 0.005 24 834

BG1 Girder 50.3 33578 42.8 5.0 0.0025 0.0030 0.004 2.2 6.57

BG2 Girder 49.6 33347 422 5.0 0.0025 0.0030 0.004 2.1 6.20

BG3 Girder 45.7 32000 389 4.6 0.0024 0.0028 0.004 24 754

BG4 Girder 419 30644 356 4.2 0.0023 0.0030 0.004 24 7.90

The steel constitutive model in the analysis of each specimen was calibrated using data
from uniaxial tension tests on strand samples taken from the girders. The rupture strain for the
strands was set equal to 4.5%, in accordance with pertinent matdalltee calibrated values

used for the parameters of the steel material model are pranidedle3.2.

Table 3.2. Model parameters for reinforcing steel and prestressing wires

Model E, fy fo f, e, e, e D Rupture
(MPa) (MPa) (MPa) (MPa) ° ) ) *  Strain

Strand Wires 206843 1834 1903 1920 0.0088 0.0110 0.045 0.040 4.50%

Corroded Wires 206843 1834 1903 1920 0.0088 0.0110 0.045 0.001 1.00%

Mild Steel Bars 199948 334 448 519 0.0100 0.0490 0.160 0.350 16.00%

Stirrups 199948 414 607 634 0.0100 0.0490 0.100 0.200 10.00%
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The results of the analyses involving flexural failure are discussed first, followed by
those for the two girders which incurred shear failure. The analysis for each damaged girder
was repeated a second time, assuming the absence of any corrosion daraaghytitally
determine the impact of corrosion on the capadity.enable an evaluation of simplified,
designoriented procedures, the ultimate capacity of each girder with corrosion damage was
estimated using the equations provided in AASHTO qé@deSHTO, 2020) for flexure and
shear, respectivelywhich are detailethrough equatioi3.1) to (3.5).

The flexural resistance of girders is calculated by the following expression, based on
the AASHTO LRFD SpecificationdAASHTO, 2020)

ta, fci(b -h/v) hf [( a/ 2) ('h' /2)]

whereAps is the area of prestressing stdglis the average prestressing steel stréssandds
are the distance from the extreme compression fiber to the centroid of prestressing strands and

mild steel, respectivelyAs andfs are the area and stress of thidrateel; Ajand fjare the area
and stress of the mild compression stelgis the distance from the extreme compression fiber
to the centroid of compression steg|;andb, are compressive stress block factas; b,c; c

is the distance from extreme compression fiber to neutrallakiss t he wi dt h of th
compression facéy is the compression flange depth.

The shear capacity is obtained from the following equa#&SHTO, 2020)

V, =V, A, ¥ (3.2)
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whereV, is the prestressing force component in the direction of the shear forcé; amdVs
are the contributions of concrete and steel to the shear resistance. The Y&l(ie &fp) is

obtained from the following equation.
V, =0.0316 Al f.ib, d, (3.3)

where f_i is the compressive strength in kdi;is a factor expressing the effectsifear and

tensle stresdransferacross diagonal cracks in concrétes the concrete density factdy; is

the effctive width of the welgy is the effective shealepth.
Thevalueof Vsis given by:
V, = A f,dfcot(q) “eot( Jlsin( /s (3.4)

whereAyis the area of shear reinforcemesig the stirrup spacing in the longitudinal direction;
a is the angle between the shear reinforcement bars and the beam axjsisath@é angle of
the inclined compressive stress field. The valuel Gh degrees) can be obtained from the

following equatiofAASHTO, 2020)
g =29 +3500¢ (3.5)

where e,is the tensile strain at the centroid of tension reinforcement irothgitudinal

direction.
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3.6 Results for Flexuredominated Girders

The analytically obtained loadisplacement curves for the three flexd@minated
girders with ansection are presented fgure 3.18. The analysis for the undamaged first
specimen accurately reproduced the experimentally recordeedisgldcement curve, as
shown inFigure3.18(a). Strength degradation was caused by compressive crushing at the top
of the deck, which was also the case in the experimental test. The relative error in the
analytically obtained ultimate capacity was eqtmal3.2%. It is worth mentioning that the
experimental testing of the specimen encountered issues associated with the load setup, which
necessitated the unloading of the girder before failure, and its subsequent reloading to the failure
load. This unloadig and reloading process is evident in the experimental cur¥gafe
3.18(a). As deduced from the same figure, the AASHTO strength formula giyeteaccurate
estimate of the ultimate capacity.

The analytical loadlisplacement curves for specimens 2 and 3 are compared to their
experimental counterparts kigure3.18b andFigure3.18c, respectively. These specimens had
minor and extensive corrosiomamage, respectively. The analyses provide excellent estimates
of the experimentally recorded fordeformation response. It is worth mentioning that the
small drops in strength obtained at various levels of displacement for specimen 3 are attributed
to therupture of individual strand wiregigure3.18b andFigure3.18c also provide the load
displacement curves obtained for an analysis of undamaged girders having the same cross
sectional and material properties as the two specimens. As deduced from these figures, the
corrosion damage had very minorpact on the behavior of Specimen 2, while it significantly
impacted the response of Specimen 3, which experienced rupture of multiple strands. Specimen

2 failed due to compressive crushing at the top of the deck slab, which was also the case for the
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andysis of the undamaged girders. The estimated relative reduction in ultimate capacity due to
corrosion damage is 6.3% for specimen 2 and 44.3% for specimen 3. The simplified strength
estimation method based on the AASHTO code was found to be very adoupecimen 3,

while it underestimated the capacity of Specimen 2 by 13.1%.
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Figure 3.18. Analysis results for flexurdominated specimens with &section

Figure 3.19 presents the analytically obtained ledidplacement curves for the three
box-section girders exhibiting a flexural failure mode, together with the corresponding
experimental observations. &thevel of corrosion damage, determined from visual inspection,
was moderate in the first two specimens and extensive in the third specimen. The computational

models for the first two specimens gave very accurate reproductions of thdidpltement
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curves, as deduced froffigure 3.19a andFigure 3.1%. The loaddisplacement response of
Specimen 3 was not recorded during the experimental test, due to a malfunction in the data
acquisition system. The only piece of information that was available after the test was the peak
capacity, which has been acdetg reproduced by the computational simulation with a relative
error of 2.8%, as deduced frdagure3.19(c). The simplified, AASHTGbased methodolgy

gave accurate estimates of the peak capacity for the first two specimens, while it overestimated
the capacity of the third specimen by 15.5%.

It is worth noting that corrosion does not affect the deformability of the three specimens
in the same way. Spé#ically, while corrosion is found to have reduced the deformability of
specimen 1, it has entailed a very small decrease in the deformability of specimen 2 and has
significantly increased the deformability of specimen 3. These results can be explathed on
basis of the particular failure modes for each case. The undamaged versions for all three
specimens fail due to concrete crushing at the top of the section in the comsta@nt region.
Corrosion damage leads to a reduction in the area (and, teesteng deformability) of strands
that participate in the tensile force at the bottom of the section developing the ultimate moment
capacity. The corrosion damage for specimens 1 and 3 has sufficient extent to cause flexural
failure due to strand rupture #he bottom of the section in the constamiment region. The
fact that strand rupture governs the behavior of specimen 3 leads to an increase in the ultimate
deflection of that particular girder. Strand rupture for specimen 1 is much more pronounced,
with individual, heavily corroded wires rupturing at early stages of the analysis. For this reason,
the ultimate deflection, at which the leadrrying capacity is degraded due to extensive rupture

of the strands, is lower than that of the undamaged versitdmespecimen. The corrosion
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damage in the strands of specimen 2 slightly decreases the deformability of the section, which

still fails due to compressive crushing of the concrete.
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Figure 3.19. Analysis results for flexurdominated specimens with a begction

3.7 Analysis for Sheardominated Girders

The two sheadominated girder specimens were analyzed using nonlinear truss models.
The incination angledy was set equal to 34.6 degrees for both specimens, which was the
average inclination angle of the shear cracks that formed in these specimens. The value of

parametembin: in Figure 3.150 was set equal to 0.50 and 0.30 fegettion and bosection
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specimen, respectively. The parametaes Gh and Ues in the same figure were assigned
identical values for the two specingmrequal to 0.10, 0.01 and 0.025, respectively.

In both cases, failure occurred in the form of a large inclined crack, and the subsequent
sudden strength degradation was associated with compressive web crushing. The truss models
are capable of satisfactiyrcapturing the failure mechanism, as deduced fragure 3.20 for
the specimen with thedection and-igure 3.21 for the specimen with the besection. The
analytically obtained loadisplacement curves for the girders with asettion and a bex
section are compared to their experimental counterpar&gure 3.22a andFigure 3.22b,
respectively The Fsectiongirder did not havesignificantcorrosion damagin the affected
region (i.e., within the shear span length), while the-fiioster specimen had the significant
damage presentedhiigure3.6. Theanalysis gave neguerfect matches of the ultimate strength
of each girder, with a relative error of approximately 1.0% for both cases. The truss modeling
approach led to overestimation of the initial stiffness, especially for geeafahe specimen
with an Fsection.A hand calculation was conducted for the stiffness of each specimen,
considering the actual cresectional dimensions and load setup and assuming linearly elastic
material behavior. A straight line with a slope equal to the stiffness obtained with the han
calculation is provided ifFigure 3.22a andFigure 3.22b. It is interesting to note that the
experimentally obtained initial stiffness for the specimen with-aaction was much lower
than the value obtained with the hand calculation. The latter value was practically equal to the
initial stiffness of the analysis with the truss model. While it was not possible to determine the
source of the discrepancy between the analysis and the experiment for the specific case, it is
important to emphasize that such discrepancy is not attributed to cordasi@ayge, as there

were no significant prexisting cracks in the affected regions which would justify a potential
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reduction in the initial stiffness. The bostip deformations were also monitored for the
specific specimerfAl Rufaydah, 2021and they were negligible throughout the test, so they

too cannot have been a factor for the obtained error in the initial stiffness.
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Figure 3.20. Comparison between analytically obtained and experimentally observed da
pattern for thesheardominated specimen with arséction
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Figure 3.21. Comparison between analytically obtained arperimentally observed damag
pattern for the sheatominated specimen with a bgection.

Given that the specimen with the bgixder section had significant corrosion damage,

the impact of this damage to the ledidplacement response was determined by means of an
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additional analysis of an identical, undamaged girder. Thedagdacement cwe obtained

for the undamaged girder is includedrigure 3.22(b). A comparison of the curves obtained

for the analyses of the undamaged and damaged girders indicates that corrosion had minimal
impact on the ultimate capacity, which wpsactically idenical for the two cases, but it
significantly impacted the deformability of the girder. Specifically, the maximum displacement

of the damaged girder was much higher, due to the reduced flexural stiffness corresponding to
the damaged regions. The fact thatrosion did not impact the shear capacity was expected,

as there was no damage in the stirrups or web concrete, i.e. in the regions which could
potentially undermine the shear resistance mechanism. Figures 16a and 16b also provide the
ultimate capacity Maes obtained using the equations in &SHTO code (2020)with
corrosion damage included. Thesgiations underestimated the strength in both cases, with an

error of 27.4% for the-$ection girder and 25.4% for the bsa&ction girder.
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Figure 3.22. Analysis results for shealominated specimens
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3.8 Discussion

The bearrbased modeling scheme combined with the procedure to account for
corrosioninduced damage was found to give excellent accuracy in terms of predicting the load
displacement response of the six flexdmminated specimens, for different creestinal
shapes and varying levels of visually observed corrosion damage. Given the conceptual
simplicity and algorithmic efficiency of this scheme, it can be effectively used for systematic
parametric studies of corrosiatamaged girders, especially whenevss bnly information
pertaining to the extent of corrosion stems from visual inspection, without more detailed

measurements.

The nonlinear truss modeling approach was capable of not only predicting the peak
capacity of the two specimens that failed in shbat also reproducing the failure mode and
associated abrupt strength degradation. Given that only one of the two specimens with a shear
failure had corrosion damage, and this damage was not related to the stirrups or the compression
field developing inthe web, the available experimental data did not include a case where
corrosion could have affected the shear strength. Further experimental work on girders is
necessary for conclusively determining whether excessive shear strength degradation might be
a oncern.The anglads for the inclined truss elements in the analyses of the slweamated
girders was determined based on the experimentally observed orientation of the shear cracks.
If these models are to be used in predictive simulations of prestgisses which have not
been experimentally tested, the&tan be set equal to the inclination ardté the compression
field in the web of the girder, estimated through the modified compression field #pwoach

in the AASHTO LRFD Specificatio(AASHTO, 2020)

87



Chapter 3Analytical Evaluation of Corrosieinduced Strength Degradation in Brid@eders

An important consideration pertaining to the analysis ofdioders is associated with
the possibility of having water trapped in the section of the girder, as eldsknvthe third
specimen with a box section. To ensure conservative analytical predictions, a reduction by 15%
to all strands at the bottom flange of such girders is recommended. The impact of this reduction
is demonstrated ifrigure 3.23, which compares the analytically obtained labgblacement
curve of the specimen to the corresponding curve obtained without applying the 15% reduction
to the strad area. As explained in the previous section, the specific girder incurred a significant
reduction to its capacity due to corrosion damage. It can be seen that neglecting the impact of
the trapped water (and the associated reduction in strand area prdmwoeay would
overestimate the capacity, potentially leading to unconservative results.

The capacity values obtained based on the AASHTO formulas also gave very good
estimates of the corresponding experimental values, when appropriately accounting for a
reduction in strand crossectional area based on inspection of the girder condition. Still, some
caution may be necessary for the case of-dicders with significant levels of corrosion
damage, as the AASHTFBased procedure may lead to unconservativaapestimates. This
was the case for the third specimen having adicder section in the present study. The
experimental test data and modeling approaches presented in this paper can also be used to
evaluate the accuracy of other simplified, desigented approaches to determine the capacity
of prestressed girders [e.Recupero et al., 2018; ACI, 2019; AASHTO, 2020; Alfailakawi et

al., 2020; Al Rufaydah, 202]1)
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Figure 3.23. Impact of accounting forapped water in analysis of Specimen 3 with & box
section

As a final remark, it is important to emphasize that the analyses presented in this paper
were based oa number of simplifying assumptions, such as neglecting the effect of cofrosion
inducedbond strength deterioration. While these simplifications didhave a significant
impact on the analyses pursued herein, further studies may be necessary to investigate whether
and under what circumstances they may lead to significantly unconservative estimates of the
capacity. Additionally, the proposed methodolagyccount for corrosion damage will require
future enhancements to enable the accurate simulation of, e.g., girders with ceaffesitad

stirrups.

3.9 Conclusions

This study employed computational simulation to quantitatively estimate the impact of
corrosbn on the capacity of eight experimentally tested prestressed girders haviog laod
girder section. The analyses used two types of nonlinear models, namely, beam models with a
fiber sectional law, and truss models. The latter approach was usedlf@esrinvolving shear

failure. The models were combined with uniaxial st&sain laws for the concrete and steel,
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and with a procedure to account for the impact of visually observed corrosion damage on the
resistance of a girder section.

The analytical models were capable of accurately reproducing thalisgldcement
responseand failure modes for the girders. Additional analyses enabled the determination of
the impact of corrosion on the flexural capacity, which was significant for several girders with
visible corrosion damage. The use of the flexural strength equations BKABHTO code
generally gave satisfactory estimates of the peak capacity when accounting for corrosion section
loss, but it overestimated the strength of one significantly damaged girder with a box section.
An important consideration pertaining to bgixders is the possibility of having trapped water
in the hollow space of the section, which may exacerbate the degradation of the strands. A
conservative approach when evaluating the flexural capacity of such girders is to apply a small
reduction to the areaf all strands located below the level of the possibly trapped water.
Corrosion damage of the longitudinal strands located at the bottom of the section was found to
have minimal impact on the shear strength, but it significantly affected the deformabdity
girder that failed in shear. The method will require enhancements to enable simulation of girders
with corrosion damage not present in the specimens considered herein, e.g., damage in the web

stirrups.
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Chapter 4

Finite Element Analysis of Chloride Ingress in
Prestressed Concrete Bridge Girders
Accounting for ServiceLife Ambient
Conditions

This chapteintroduces a computational simulation scheme to describe the intrusion of
corrosioninducing chloride ions in prestressed bridge girders. This phenomenon sntipact
durability of bridges in coastal zones or regions where deicing salts are used. The computational
study is focused on two girders, decommissioned from separate bridges in Virginia after 34 and
49 years of service. A timgependent nonlinear finiteezhent scheme accounting for coupled
heat, moisture, and chloride transport, is formulated and used in the analyses. The model
parameters are calibrated using data from material tests in the literature. Subsequently, two
dimensional analyses are conductedétermine the evolution of chloride in the cresstions
of girders. The simulations are found capable of capturing the actual chloride content at various
depths from the surface, measured through titration tests. Further investigations elucidate the
impact of advective transport on chloride ingress and the accuracy of simplified,-design
oriented equations in the FIB codkhis chapters accepted for publicatiom the Journal of
Structural Engineering.

Despite thesignificant body of existing researdbcused on the chloride ingress in
concrete specimens, there is still a need for development of computational simulation strategies
accounting for multdimensional chloride intrusion, and the validation of simulation tools with

experimental data from aclbridge girdersThe avai l ability of simul a
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evolution of chl oride conterntifianeceasmphly fc
intervention to pr eventThisepapereemployy eompatationalo s i o n
simulationto determine the extent of total chlorid@dthe onset of corrosionipr est r es s e d
bri dgedecat The fingte element modeling approaabcounts fowvarious physical
processegjamely heat conduction, moistureovementand chlorideadvective and diffusive
transport Contrary to prior studies, which haugpically employed various simplifying
assumptions aridr were validated withlaboratory test specimens, the analysis approach
describedhereinaccountgor all important environment#actors which may affect the chloride
ingress processand is validated with measurements taken from actuigge girders
decommissionedfterdecadesf service.

The boundary conditiorere mathematically formulated to accountHeat convection,
solar radiation, chemical convection, and moisture traretesss the faces of bridge girders,
and use values representing the actual climatic data for a given bridge. The analysis scheme is
supplemented with a necessary stabilization technique to supgpasial instability for
advectivedominated flow, and a new chloride binding isotherm is introduced for use in

concrete made with ordinary Portland cem&hte modeling scheme is calibrated with previous

experimental testsomoncr et e cylmantdirci csa®e taswae nps n tsl vy, a
val i dati ons amnaar|ryiseeals nogutdata from chl oride ti
prestgiesdgeds removed from two bridges in Vir

Furt her andlhaearacy of éhesimplifted, designrorientedEquation5.1.1430f
the FIB2010 modetode(FIB, 2013) for predicting the temporal evolution of chloride content

in concrete bridges
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4.1 Description of the Girders

The present study is focused on two prestressed bridge girder specimens, the chloride
content of which was determined through titration tests atl tlsenas M. MurrayStructures
Laboratory of the Virginia Polytechnic Institute and Stateversity (Alfailakawi et al., 2020Q)

The firstspecimen had ainsection with a top concrete slab amds removedrom the Lesner
Bridge locatedn Virginia Beachafter 49 years of service. The girder was removed from the
bridge by sawcutting the slab on either side of thedction girderThe testing was performed
two years after the bridge demolition, which corresponded to an age of 51 Yaarsecond
specimernis a girder with a bossection removed from the Aden Road Bridge near Quantico,
Virginia. The bridge was demolishefter 34 years of servicand the girder was depositad

a different siteThegirder had an age of 40 yeahsring testingThe crosssectional geometry

of the two girder specimens is presentedrigure 4.1. The Fsection girdethad a concrete
overlay(topping) with a thickness of 51 mmwhile the boxsection girdehad a38-mm thick
asphalt topping, which was removed during the deroolprocessBoth bridges had a straight
longitudinal configuration and their girders included Grade 270, steissed,7-wire strands

with a nominal diameter of 11 mm (7/16 in.).

¥ 965 1

Ep—

(a) I-section girder (b) Box-section girder

Figure 4.1. Crosssectional geometry of girdefdimensions in mm)
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The two testedgirders exhibited significant corrosion damage, which was more
pronounced for the strands located near the bottoneraf the sectionsor the latter regions,
extensive corrosion led to concrete cracking and even complete loss affigues 4.2 and
Figure 4.3 present the condition of the girders near the end of service life, the extent of visually
observed corrosiemduced damage and the damage maps for the-seasi®ns of the two
girders.Subgquent removal, inspection and mechanical testing of straenasved from the
two girders indicated that the bottemmost strands located away from the corners of each

section were also corroded, but their damage was slight compared to the strandsraogtise co

r=jConcrete
=% loss

—— Crack

(a) Condition of the bridge (b) Severe corrosion of (c) Severe corrosion of (d) Typical estimated
near the end of service lifc strands near bottom wires damage from visual
corner and spalling of inspection
the concrete

Figure 4.2. Corrosionrinduced damage in theskection girder

— Crack

(a) Condition of the (b) Severe corrosion of (c) Severe corrosion (d) Typical estimated
bridge near the end of  strands near bottom in bottom corner damage from visual
service life corner and spalling of  strands inspection

the concrete

Figure 4.3. Corrosioninduced damage in the b@ection girder
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4.2 Mathematical Model for Chloride Ingress

The physical system considered, schematically present&igure 4.4, involves a
bridge girder mathematically described as a dontpiand exposed to specific ambient
conditions. The concrete material comprising the domain is regarded as a porous medium with
a constant porositg. It is known that the porous network in a concrete medium, characterized
by the pore morphology (porosity,&be and spatial arrangement of the pores), varies in space
and time(Winslow and Liu, 1990; Kumar and Bhattacharjee, 2003; Aligizaki, 2005; Mehta and
Monteiro, 2014) and is affected by the presenceagfgregates and their interéaavith the
cement paste. Still, the simplifying assumption for a spatially homogeneous, temporally
constant porosity (or pore morphology) adopted in the present studg|las neglecting the
interaction between aggregate and cement paste will be sbdeadt to acceptable accuracy
for the analyses considered herein

The mathematical model involves three physical processes, namely, heat transfer,
moisture transport and chemical transport of chlorides. The effect of the ambient conditions on
the behavioof the system is quantified through the flow of heat, moisture and chlorides across
the boundary surfadg which depends on the ambient environment. Specifically, the heat flow
across the boundary depends on the ambient temperature and solar radidedhevilow of
moisture and chlorides across the boundary is affected by the ambient relative humidity and the
surface chloride content, respectively.

The following sections describe the governing differential equations, initial conditions,
boundary coditions, and constitutive laws employed for the description of the heat transfer,
moisture flow and chloride transport processes. The equations will involve three scalar fields,

i.e., temperaturd@ for heat transfer, relative humidity for moisture flow ad free chloride
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concentrationCs for chemical transport. These fields will vary in terms of both the spatial
coordinates vectorx, and timef.

While it is known that cracking can significantly affect the moistBezant etl. 1987
and chloride transportghida et al. 20009 as well as the heat transfer procds ¢t al. 2015

the present study employs the simplifying assumption of neglecting the impact of cracking.

Exposure to

Ambient (Environment) Conditions T
solar radiation

TemperatureT,,,
Relative Humidity boundary surfacé
Surface Chloride Contertt, L
amb ~ ;N Heat flow
Heat Transfer mel Moisture flow
| Bridge Girder Moisture Transport T.+fi  Chloride flow
‘ i ) - Diffusive Ja
domainq Chloride Transport: _ Advective

Figure 4.4. Schematic overview of problem setting

4.3 Equations for Heat Transfer

The governing differential equation for heat transfer is obtained by invoking the
conservation of energy principle:

Blo o 4o 0 (4.)
U

whereT is the temperature field (K),andc are the density (kg/fand specific heat capacity
of the mat er igaslhe featfluk egokfiell (W/H Thepdesent studgssumes

that the heat flux is entirely attributed to conduction, i.e. the presence of temperature
differentials in the interior of the domain. This assumption is reflected through invoking

Fourierds constitutive | awiythesfollonpngéxpréssion.g t hat

G = % P (4.2
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wherek.i s t he ther mal c oD isthegradientofithe feMperatomdfi€l. ] a n

The boundary condition stipulates that the heat flow across the boundary is the sum of
two contributions. The first contribution is attributed to the difference between the body surface
temperature], from the anbient temperaturélamn The second contribution is due to solar

radiation. The mathematical expression for the boundary condition attains the following form.
Gren=06.(T -T.) & (4.3)

where n is the unit normal outward vectof, is a constant surface heat transfer coefficient

[W/(m2K)], andgs is the added heat per unit surface and per unit time due to solar radiation.
The value ofgs is obtained from the following expressi@ilger et al., 1983; Elbadry and
Ghali, 1983)

q, =al (4.4)
wherea is a dimensionless surface absorptivity factor laisd¢he solar irradianc@V/m?). The
procedure employed to obtain the valué isfdiscusseth Appendix A.

The mathematical description of heat flow is completed by establishing an initial
condition for the temperature field, i.e. prescribing the value of the temperature in th@ domai

g at timet = 0 to equal t given fieldlo. The initial condition is mathematically expressed as:

T(xt=0) =, (X (4.5)

4.4 Equations for Moisture Transport

The moisture transporquations are meant to quantitatively describe the flow of
evaporable water through the porous structure of the concrete. The governing differential

eqguation is obtained by invoking the conservation of mass principle:
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W, B (4.6)
ut

wherew is the total moisture content [i.e. moisture mass per unit volume of concreté){kg/m

and j_ denotes the moisture mass flux vector [kg&)j. . The moisture content is the sum

of two parts, namely, the evaporable moisture contentand the chemically bound content.
The latter is the soalled interlayer water, which is trapped betweenctraent CS-H layers
and can significantly vary only under severe conditions, e.g., temperatures higher th@ 550
(Bagant and.Fdrithis easenk the pegent 8tydy assumes that any change in the
moisture content is entirely attrited to the evaporable moisture. The evaporable moisture
content can change due to moisture flow or due todsslfccation (internal drying) of the
concrete. A number of studi¢Buil, 1979; BarogheBouny et al . , 1999; B a
2018)have reported that the effect of sd#siccation is insignificant after an age of 28 days.
For this reason, the present paper uses the age of 28 days as the starting point of the moisture
transport analysis, and neglects the impact ofdedfccation.

Given that the field variable adopted herein for the mathematical description of moisture

transport is the relative humidity Equation(4.6) can beransformed into the following form.

14 1o o 4.7
kd£ +H 0 (4.7)

wherek = B/ wy. A mathematical relation betweer andh, corresponding to the smalled
sorption isotherm, is established to enable the calculatida ©he shape of the isotherm
depends on whether adsorption (increase in moisture content) or desorption (decrease in
moisture content) is taking plad€oussy, 2011) This implies the presence of hysteretic
mechanisms in the relation between moisture content and relative humidity, physically

attributed to the sodled ink-bottle effect( Cous sy, 2011; BagTle t and
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present study neglects this effect, and assumes a -sigled relation for the sorption
isotherm. The isotherm depends on the water/binder ratio, type of cemmehtdmixture
(BarogheiBouny, 2007) and a variety of equations have been formulated and used in the
literature [e.g.(Langmuir, 1918; Brunauer et al., 1938; Hansen, 1985; Kinzel, 199%)
isotherm adopted herein relies on the workMan Genuchter{1980) and establishes the

following equation:

w, =w, & bin h'" g (4.8)

wherewe (kg/n) is the maximum possible value of evaporable moisture conterit, amere
constant model parameters. It is worth noting at this point that the ratioovierwer equals
the saturation degre®of the liquid moisture phase in the water pores.

A phenomenlogical constitutive law is employed to relate the moisture flux vegtor,
, and the gradient in the relative humidity:
in= D, IE (4.9
where D, is an apparent moisture permeabilitk g / ( whdse yalue depends on the water

content and the structure of the pore netw@#rvo and Pihlajavaara, 1969he value 0Dm

depends ohin accordance with the model Bya § ant a(i@d2) Naj j ar

e. 1- G
D =c &l + (4.10)
m Clgu‘) 1+[@ h) /@ R’

wherec [ k g/ (isnth% pérrheability at full saturation (i.e.,kat 1) andhe, r and U, are

model parameters.
The mathematical description for moisture flow is completed by the boundary and initial

conditions. The former is mathematically expressed by the expression:
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jen=d(n hin (4.11)
wherede is a constant moisture emissivity coefficifrd/(m?A)] andh,,is the ambient relative

humidity ( Bagant a n d. Theainitial aconditionl f&r #h2 Ynoisture flow problem

stipulates that the relative humidity at time O is equal to a given fieldy, (X):

h(x t=0) (X (4.12)

4.5 Equations for Chloride Transport

The total chloride content in the concrete is the sfitavo contributions, namely, the
free chloride content, corresponding to ions which can move through the porous network of the
concrete, and the bound chloride content, i.e. ions which are physically or chemically bound to
the concrete and cannot move eTibllowing equation must be satisfied:

C =C, 4G (4.13

whereC; is the total chloride concentration (moBnandCr, Cy are the concentration values for
the free and bound chlorides (mofjprespectively. Given the value 6f, the corresponding
total concentration valug; can be obtained through the use of an appropriate binding isotherm.
The present study proposes antherm for specimens made with ordinary Portland cement,
which will be discussed in subsequent sections.

The differential equation for chloride transport uses the concenti@tian the field

function and is obtained from the conservation of mass plenfop the chloride species.
Bia @) «ipo 414
Mt

where |, is the chloride ion mass flux in the concrete [mot&)}. The equations for chloride

transport account for the movement of the free chloride ions in the concrete pores, which is the
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combined effect of two mechanisrn(lglackawa et al., 2003; Maekawa, 2008; Ishida et al.,

2009) The first mechanism is diffusion, which is driven by gradients in the ion concentration

in accordancewitFi ck6s | aw, and the second mechanism
velocity of the moisture flow. On this basis, the chloride flux vector at each location is given

from the following equation.
Tcl =4 Sp Dc|oa G op $ v & (4.19)
whereV is themoistureflow velocity vector (m/s) and is the chloride diffusion coefficient

(m?/s). The value oDq depends on the temperatufg in accordance with the following

equation which corresponds to Arrhenius law:

by

.. ,Qd
D, =D, €
o Sxper

cl

@

m
VOE?B o
H

(4.16)

=l
oD

ref

where D, is a referencdiffusion coefficient (M¥s), Q, is the activation energy (J/moR.,is the

universal gas constant, equal to 8.3145 JAi§)oT s is a reference temperature equal to 293.15
K (20°C) andT is the absolute teperature.

The boundary condition for chloride transport stipulates that the chloride mass flow
across the boundary is proportional to the difference between the surface free chloride

concentratiorCt, and the ambient value of chloride concentrati@ms
Tcl .ﬁ = bcl (Cf -Camb) (417)
where b, (m/s) isa phenomenological surface chemical transport coeffi¢ieaétta et al.,

1993) Finally, the initid value of free chloride content throughout the doma&y(x), is

assumed to be given; thus, the initial condition equation attains the following form.
C(xt=0) G (X (4.18)
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4.6 Weak Form and Finite Element Formulation

Before introducing a finite element approximation, the governing equations for the
mathematical model considered are transformed into their respective weak, i.e. variational
form. This step, which has been described in previous pertinent papers andkex&09
(Donea and Huerta, 2003; Fish and Belytschko, 2007; Koutromanos,],2&l8)riefly
summarized here for completeness. The weak forrdat transfer is obtained by multiplying
the differential equation by an arbitrary continuous functiand integrating over the domain
q. After a series of mathematical manipulations, described in detail in, e.g.

Koutromano§018) the following expression is finally obtained.

i WO 10 00V + F-PR Pav[=C wpAl - (419

The finite element formulation for heat transfer can now be obtained after discretizing
the domain into multiple finite elements, and then stipulating that the temperature and

temperature gradient fields are obtained from the followmgroximations.

To [N]{T(e)} (4.20)
PT O[B]{T(e)} (4.21)
where{T(e)} i's the nodal t e mp eed Alis[the polynomial interpolatiom r e |l e

(shape) function array, andB][is an array containing the derivatives of the interpolation
functions with respect to the spatial coordinates, as explained in moreiétailtromanos

(2018)
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Using the same type of approximation for the arbitrary funott@and its gradientni
equation(4.19) ultimately leads to the following global, sediscrete equations for the heat

transfer problem.

[C T+ KT {F) (4.22)

where {T} is the nodal temperature vector for the entire finite element mesh, and
{T} = |{1T} / t. The arraysq], [Kt] and the vectorK+} can be obtained through an assembly
of the corresponding contributiorglﬁe) ,gKﬁe) and{FT(e)} of the individual finite elements.

The element contributions can be shown to be obtained fronfotlesving expressions

(Koutromanos, 2018)

& 6, Al BN« (4.23)
gre il FERA 18 ¢ V| I' AN o (4.24)
{F0} = Q)[N]T (br T + (4.25)

whereq© and i® denote the part of the domain and boundary, respectively, belonging to
el em&dnt O
The same procedure is followed for the moisture transport problem, yielding the weak

form:

@Vﬁ&ﬁ%dv +D, WA VD  wd.dn hIOfRH (4.26)

w G

The global semdiscrete equation for the moisture transport is:
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[Cal{A+ (k)8 {FR) (427

where {n} is the nodal relative humidity vector for the finite element mesh, i / t, and

arrays Cn], [Km] and {F,} are obtained from the assembly of the corresponding element

ibutionsec® ek (@ (¢] .
contributions&C," , &Kp, and{Fm }

Cy SQ) H\l]ﬁ%[N] dv (4.28)
g g i [ Bl av (429

and
{F¥)= -7 [R]'A.nh Inh,,) dS (4.30

It is worth noting thaequations have a nonlinear dependence on the nodal vegtor {
The weak form for chloride transport can be developed by similar considerations as for

the other problems. In the context of this study, the moisture flow is treated as incompressible,

which inturn implies that the divergence of the moisture flow velocity vanishes+e=0.

After a series of mathematical manipulations, the following expression is obtained.

i FORG © GPV A R 0 O& Dw 5 VR R
= AWAE(¢ &) dS

(4.31)

The third term on the lettand side of Equation (31) is nggmmetric in terms of
differentiation ofw and Cs. As described in the following section, the rgymmetric term
entails the need for the implementation and use of special numerical strédizgies and

Huerta, 2003; Fish and Belytschko, 206Ygnsure accurate computa@bsimulations.
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The semidiscrete, finite element equation for chloride transport is:

[c.]{c}+[k]{c} £R) (432)
where {Ci} is the nodal free chloride concentration vector for the entire finite element mesh,

C, = KC}/ 4, and arraysQe], [Ke] and {F,} are obtained through the corresponding

Ci

element contribution§C{ , &K and{Fc(ue)}i

& g ARG [N av (433
& an WAsldave [NARALP v [ Na[ Y7 (439
and
{F =A[R] by G d (4.35)

G®

4.7 Numerical Solution Scheme

This section describes timeimerical analysis scheme, whishs been implemented in
the finite elemenprogramFE-MultiPhys (Koutromanos and Farhadi, 2018)he analysis
involves the solution of Equation®.22), (4.27) and (4.32), which can all be cast in the

following, generic form:

[C{ x(o} +[ KI{ x(9} £ F(v} (4.36)
where {X} is the nodal value vector (temperature for heat transfer, relative humidity for
moisture flow, and free chloride concentration for chloride transport). Equét886) involves
continuous functions of time, and it can be numerically solved using any time marching scheme
algorithm, to provide the solution vectoX{at a set of distinct time instants. The present study

adopts an implicit Backward Eulecleeme for timemarching. As mentioned above, the
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moisture transport equations are nonlinear. This happens because the coefficierClifidlys [
and the righthandside vector £} depend on the nodal vectoiXf. A Newton-Raphson
iterative algorithm is enlpyed to satisfy the nonlinear equations for moisture flow.

Special consideration is necessary for the finite element solution of the chloride
transport process, due to the presence of the advective term, i.e. thamuoetric term of the
weak form giverby equation(4.32). It is wellestablished in the literature [e.gQonea and
Huerta, 2003)that the use of atandard finite element approximation is problematic for cases
where advective transport is more pronounced than diffusive transport, as it may lead to a spatial
instability of the numerical solution. The instability is manifested as a noise in the spatial
distribution of the approximate field. To address this challenge, the analysis scheme for chloride
transport employs a Streamliupwind PetrovGalerkin (SUPG) stabilization approach
(Donea and Huerta, 2003Yhe SUPG technique involves the introduction of an extra
stabilizing term to the weak forieind the corresponding finite element equations to suppress

the propensity for spatial instabilitiess discussed i\ppendix B.

4.8 Model Calibration and Preliminary Analyses

This section presents the calibration of the model parameters correspondireg to he
transfer, moisture flow and chloride transport. Additionally, the results of analyses
demonstrating the significance of accounting for the effect of advection on chloride transport
in concrete are presented. The calibration relies on data from expelitests in the literature,
which used specimens with concrete properties close to those of the bridge girders, i.e., normal
strength concrete with ordinary Portland cement without additives and aterament ratio

close to 0.5.
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4.8.1Calibration of the Hed Transfer Parameters

The model parameters corresponding to heat transfer are calibrated based on pertinent
studies in the literaturgHansen and Saouma, 1999a; Samson and Marchand, 2007; Lee et al.,
20009; Yun et al ., 2 0 1. Ihe priesent awaork adopts the valuerog s e k

k; =2.5W/ (m- K) for the thermal conductivity, and a heat capacitg ef1000J (kg K for
concrete. The concrete dengitis set equal to 2400 kgAriThe heat transfer coefficieft for

the boundary is set equal to 20W#(K), in accordance with recommendationsfgadry and

Ghali (1983)

4.8.2Calibration of the Moisture Transport Parameters

The moisture model parameters are calibrated usme@xperimental data reported by
Hanson(Hanson, 1968kor a normaistrength concrete specimen which had been cured for 28
days in water, and was subsequently exposed to an environmental relative hami6i§0.

The cyindrical specimen was sealed at the top and bottom faces to only allow moisture outflow
in the radial direction of the cylinder cressctional planeFigure 4.5 showsthat the
analytically obtained evolution of relative humidity at various depths from the surface of the

specimen closely matches the corresponding experimental observations. The analysis used the

values ¢, =1.96 310° kg (m €, h,=0.69, r =6.00 and a, =0.01 for the parameters

affecting the apparent diffusion coefficient (Equation 10). The sorption isotherm parameters
(Equation 8) were assigned the valwes= 97.3 kg/mi, b= 3.10,m= 0.48, which can accurately
reproduce the relation between relative humidity and moisture content meas@aaglel

Bouny (2007)for scenarios involving monotonic drying, i.e. desorption, as shoviigimre

4.6a. It is important to note that BarogHgbuny (2007)also conducted experimental tests for
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monotonic wetting, and a different calibration of the sorption isotherm would be required to
matchthese experimental results. Specifically, as showRigure 4.6b, the parameters of
Equation 8 were assigned the valwes= 90.2 kg/nd, b = 17.00/m = 0.34 to matk the data

for monotonic wetting. The different calibration required for monotonic drying and wetting
scenarios is due to the effect of hysteretic mechanisms in the relation between moisture content
and relative humidity, i.e. the iAbottle effect, as meioned in the section describing the
moisture transport equations. The -indttle effect has a thermodynamically metastable
character(BaroghelBouny, 2007) This implies that the extent of hysteresis gradually
diminishes with the application of multipleetting-drying cycles and asymptotically tends to

zero (BarogheiBouny, 2007) Consequently, the sorption isotherm under multiple
wetting/drying cycles tends to become identical to the adsorption isotherm (i.e., the curve
shown inFigure 4.6b). The remainder of the analyses in the present study involving moisture
transport, including the analyses of the bridge girders, are focused on scenarios with very large
number of wetting/drying cycles. For this reason, all these analyses use thedicalibfrthe

sorption isotherm with parameters corresponding to monotonic wetting.
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Figure 4.5. Results of calibration analysis for moisture transport using the experimental data
in Hanson (1968)
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Figure 4.6. Calibration of sorption isotherm parameters for experimental test
BarogheiBouny (2007)

4.8.3Calibration of the Chemical TransporParameters

The analysis of chloride transport requires the formulation and calibration of a binding
isotherm, giving the relation between the free chloride concentraiiqobtained from the
finite element computation) and the corresponding bound chloride cootergrdrationCp.
The latter value must be calculated, as the propensity for corrosion of the steel is affected by
the total chloride concentratiddy, given by Equatiori4.13). Based on pertinent experimental
data from the literaturéSergi et al., 1992; Maruya, 1995; Maruya et al., 1998; Samson and
Marchand, 2007; Maekawa, 2008;rBghelBouny et al., 2009; Barogh8ouny et al., 2014)

this paper uses the following mathematiexpression for the isotherm.

0.7
Cry =15(C(n) (437
where C,,and G, are the concentrations of free and bound chloridespectively,

expressed as percentages of the cement mass.
The binding isotherm and chemical diffusivity paramé&gfor chloride transport have
been calibrated with experimental data fr(®ergi et al., 1992; Maruya, 1995; Maruya et al.,

1998; Maekawa, 2008; BarogkBbuny et al., 2009; Barogh&ouny et al, 2014; Gang et al.,
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2015) shownin Figure 4.7 and Figure 4.8 and pertaining to distributions of free and total

chloride concentrations with depth in concrete and cement paste speclinertalibration

analyses yield a valuB, = 6.0 310" nt/ ffor concrete specimens. The calibrated parameters

of chloride transport can accurately reproduce the free and total chloride distributions obtained

in the various tests, as deduced fieigure 4.7 andFigure 4.8, respectively.
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Figure 4.8. Distributions of total chloride with depth obtained from calibration analyse

It is important to mention that the experimental test&Sergi et al., 1992; Maruya et

al., 1998; BarogheBouny et al., 2009; Barogh&ouny et al., 2014; Gang et al., 201%3re

conducted forgecimens having an age of approximately 90 days. This age is significantly less

than the service life of each girder. It is knof@onjeaud, 1980; Buenfeld and Newman, 1987;
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Mangat and Mol JPéaez etall 20014Shafdlet al.; 2012; Lu et al., 201H)
the value of the chloride diffusion coefficient may be significantly reduced over time. To

account for this effect in the analysis of the girders, the valDg alftained from the calibration

)0.47

analyses is multiplied by the reduction fac{@0/t , Wheretage IS a representative age

age
value for each bridge, set equal to 10950 days (i.e. 30 years) in the present study. The use of
the specific expresson for the reduction factor and the adopted valué&gefare based on
recommendations and findings by previous, pertinent stydlemgat and Molloy, 1994;
Ma r -Pé&ez et al., 2001; Shafei et al., 2012; Lu et al., 2015; Kim et al.,.2016)

The paramete®q controlling the temperature effect on chloride diffusivity per Equation
(16) is calibrated using experimental test data by Samsadaratiand2007)on cement paste
specimens and b€hen and Razaqpui(2021a, 2021bpn cylindrical concrete specimens
subjected to various temperature values. Specific@llys set equal to 22 kJ/(nt&l) and 35
kJ/(mokK) for cement paste and concrete, respectively. The analytically obtained distributions
of chloride content with deptht specific instants of the tests are compared to the corresponding
experimental measurementsHigure 4.9a andFigure 4.9b, for the cement paste and concrete
specimens, respectiye Overall, the analyses satisfactorily match the experimental
observations. The most significant discrepancy is obtained for the concrete specimen tested at
a temperature ofLl5°C. This observation is aligned with the claim made in previous studies
(Samson and Marchand, 2007; Chen and Razaqpur, 202tdhe validity of Arrhenius law
is questionable for temperatures significantly lower than theaBed supercooling temperature
of -7°C. Given that the temperature values of interest for the present study are not significantly

lower than the supercooling temperature, the presence of such discrepancy is not a concern.
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Figure 4.9. Calibration analyses for impact of temperature on chloride diffusion

4.9 Analyses on Impact of Advection on Chloride Transport

This sectiondemonstrateshe significanceof the effect of advectioon the chloride
transport procesg o this end, a series of analyses are conducted for experimental tests in the
literature involving chloride ingress in concrete prisms under simultaneous application of cyclic
wetting and drying. fie analyses of this section employed the same calibration for the moisture
transport parameters, except for the sorption isotherm. Given that the experiments considered
herein involved cyclic wettinglrying (and not monotonic drying, as was the case iaritag/sis
of Section 5.2), the parameters for the isotherm were assigned the wal#e80.2 kg/ni, b
= 17.00,m = 0.34. The specific values, which are accurate for monotonic wetting (i.e.
adsorptionaccording tdBarogheiBouny (2007) were found to give more accurate results for
the analyses of this section. The same values are adopted for the isotherm panartieters
analyses of the actual girders (described in the following section), as the specific analyses also
involve wettingdrying cycles.

The first analysis is conducted for the experimen¥lafuya et al(1998) focused on
concrete prisms made with ordinary Portland cement and subjected to 42 astimgcycles

under a constant temperature ofQ0The drying condition correspondedan ambient relative

112



Chapter 4Finite Element Analysis of Chloride Ingress in Prestressed Concrete Bridge Girders

humidity of 60%, and the duration of each cycle was 14 days. The analysis for the specific
specimen is conducted twice, i.e. with and without the effect of moistdueed advective
transport. The analysis including the advectivadport effect gives time histories of chloride
content at various depths which agree with the experimental measurements, as stguve in
4.10(a). Neglecting the effect of advection leads to significant discrepancy between the
analytical results and experimental data, as deducedFigune 4.10(b). Similar observations

are reached for the analyses of the testGdiyg et al(2015)andLu et al.(2015) The former

tests involved a total of 50 wettirdyying cycles under a drying relative humidity of 75% and

a temperature of 2@, and the latter included 15 cycles with aindgyrelative humidity of 76%

and a temperature of 16@ As shown irFigure 4.11a andFigure 4.11b, which compare the
analytical and experimental distributions of chloride content with depth at the end of each test,

including the effetof advective transport is necessary for obtaining accurate results.
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Figure 4.10. Time-evolution of free chloride under different modeling schemes
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Figure 4.11. Impact of advection on the analytically obtained chloride distribution with depth
for experimental test specimens presented in the literature

4.10Analysis of the Bridge Girders

This section desibes the finite element analyses of the two girder specimens using the
calibrated modeling scheme. Each analysis employs adiwensional mesh of the
corresponding girder crosection. The procedure to establish the ambient conditions in the

model of eah girder is presented first, followed with a discussion of the analysis results.

4.10.1Determination of Ambient Conditions

The boundary conditions for the mathematical problems at hand require knowledge of
the ambient temperatur&mn, relative humidityham, and chloride conten€amn The heat flow
across the boundary of each girder is also affected by solar radiation, which is assumed to affect
the top surface of each girder. The determination of the ambient conditions over the service life
of each bridgeelied on first estimating representative annual histories of ambient conditions
(i.e., each history having aykar duration) and then repeating the same histories for each

additional year of service life.

114



Chapter 4Finite Element Analysis of Chloride Ingress in Prestressed Concrete Bridge Girders

The annual variation of ambient temperature and relative humidity were determined
based on recorded data for the year 2010, retrieved from meteorological stations in the vicinity
of the two bridges. The temperature and relative humidity data for the Llesdge are
presented ifrigure 4.12a andFigure 4.12b, respectively, while the corresponding data for the
Aden Road bridge ashown inFigure 4.12c andFigure 4.12d. It is worth noting that the shape
of the annual evolution of the relative humidity for the two bridges differs from the commonly
adoptel functional relation in the literature, corresponding to a sinusoidal function(fgagtta
et al., 1993; Shafei et al., 201.2)he data presésed inFigure 4.12 corresponds to a sampling
interval of 1 hour. This same value was used as the solutiorstapefor the finite element
analyses othe two bridges. The calibration of the model parameters associated with solar

radiation on the top surface of each girdgressented i\ppendix A.
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Figure 4.12. Representative annual variation of temperature and relative humidi
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Establishing the ambient chloride val@amy, is a challenging task. A number of studies
in the literaturgWeyers et al., 1994; McGee, 1999; Val, 20piposed values for the surface
chloride content, based on statistical processing of concrete samples collected from actual
bridges.The value ofCampdepends on the particular location of a bridge. For the Lesner bridge,
which was located in a coastal region, the ambient chloride is primdrilyuééd to sea spray

aerosols which carry sea salt particles to the surface of the girder. The analysis uses

C.., =1.74kd ni, based on the recommendations by Mc@&99)for coastal bridges. The

exposure to the ambient chloride content was assumed to apply for all exposed faces of the
girder section shown iRigure 4.1a, apart from the left and right sides of the slab which were
sawcut during removal of the girder from the bridge. The specific sides were treated as
impervious boundaries, i.e. boundaries which do not allow any flow of moisture or chloride, as
they werenot exposed to the ambient environment during the service life of the bridge. The
Aden Road bridge was located away from the coast; for this reason, the chloride ingress was

primarily attributed to the use of deicing salts. The value of ambient chlosdmed herein is

C,., =1.06kg ni, based on the average surface chloride content values report@dyeys

et al (1994) A field inspection of the bridge during its service life had revealedytioated
shear keys between adjacent lgisders had been damaged due to applied loads during the
bridge service life. Thus, during application of deicing sak$#twaterwould leakthrough the
damagedhear keysalsorunningalong the bottom of the box beaifo indirectly account for
this effect the exposure to the ambient chloride was assumed to apply for all boundary faces of
the girder.

As mentioned above, the girders from the Lesner and Aden Road bridges had been in

service for 49 and 34 years, respectively, and after this point they aram/ed from the
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bridges and stored for 2 and 6 years, respectively, before the actual chloride content was
experimentally measured. To account for this effect in the analyses, the exposure to the ambient
chloride content was enforced during the servieedif each bridge, and a zero valueCakn

was enforced for the part of the analysis corresponding to the storage of each girder away from
the bridge. The ambient temperature and relative humidity conditions for the storage stage were
assumed to be idendicto those of the service life of each bridge.

An additional complication for the analysis of the girder from the Aden Road bridge
pertains to the presence of an asphalt overlay at the top surface of the girder during the service
life, and the subsequer@moval of this layer before the girder was stored away from the bridge.
For simplicity, the elements in the asphalt layer have used the same values in the constitutive
laws for the various physical processes as those adopted for the concrete. The a€theval
asphalt layer is also accounted for in the analysis, through the deletion of the elements in the
mesh corresponding to the asphalt layer at an age of 34 years. The top surface of the concrete
girder during the storage was assumed to constitute geriuous boundary due to the
demolition, for the portion of the analysis corresponding to the storage of the girder before

testing.

4.10.2Analysis Results

The analytically obtained distributions of chloride content with depth from the surface,
obtained on thenclined and vertical lateral faces of the girder from Lesner bridge, are compared
to the corresponding experimental measurememtd-igure 4.13a and Figure 4.13b,
respectively. The specific figures also include the distributtmngesponding to the end of the
girder service life. It can be seen that the analysis can well reproduce the corresponding

experimental measurements. Thgear storage of the girder after its service life, during which
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time there was no exposure to cliderspray on the surface, leads to a significant reduction in
the chloride content at very low depths from the surface, as deduced from a comparison of the
chloride content curves at the end of service life to the curves obtained on test day. The contour
plots of distributions of chloride content over the crssstion at the end of service life and on
testing day are provided kigure 4.13c andFigure 4.13d, respectivelyThe specific plots also
indicate that the chloride content near the surface was much higher at the end of service life
than during testing. An additional important remark pertains to the fact that the chloride content
in the vicinity of the bottom corners is higher than the corresponding values away from the
bottom corner regions. Similar observations are obtained fremarihlysis of the girder from

Aden Road bridgdrigure 4.14a andrigure 4.14b provide the chloride distributions with depth

from the lateral and top faces of the section, respectively. Once again, the analysis can well

reproduce the experimentally measured chloride content distributions.
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Figure 4.14. Chloride content obtained for analysis of ksection girder

Another aspect of the simulations that is worthy of consideration pertains to results of
the heat transfer analysis. It is weltablished that bridge structures are subjected to
temperature gradients along the sectional depth, due to the fact that theet@f each girder
is exposed to additional heat input due to solar radiation, while the bottom face is in the shade.
Figure 4.15(a) provides the anual variation of temperature difference between the top and
bottom face of the-$ection girderThe temperature histories of the top and bottom faces of the
girder, recorded over a fiveay period during the summer and winter, are providdegare
4.15b). The average value for the maximum daily temperature difference during the winter,
spring and summer is equal t&C5 PC and 12C, respectivelywhich are in close agreement

with actual bridgedata(Elbadry and Ghali, 1983; Okeil, 2014; Elshoura and Okeil, 2022)
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Figure 4.15. Analytically obtained histories of temperatuli&éerence between top and
bottom faces of thedection girder.

4.10.3Estimation of Corrosion Initiation Time and Comparison with Simplified

Equations

The analytical results for the two girders can be used to estimate the corrosion initiation
time and progress for the outermost prestressing strands in the sections of the two girders. This
task requires the comparison of the analytically obtained chlooidint at the location of the
strands to an estimated critical chloride cont€a;, defined as the value which is expected to
lead to breaking down of the passive film around the strands and the initiation of the corrosion
electrochemical process. IRbie Lesner bridge, this study uses a critical chloride content value
Cerit = 0.6% (normalized with respect to the cement mass), based on recommendations provided
in the FIB codgSchiel® et al., 2006) The critical chloride content for structures exposed to
deicing salts must be assigned a lower véltessie, 1984)For this reason, the value Gé:it
adopted for the Aden Road bgel isequal b 0.3% (normalized with respect to the cement
mass), which is the average obtained from a number of references in the litl?ageeand
Vennesland, 1983; Vassie, 1984; Henriksen and Stoltzner, 1993; Standard, 1997; Oh et al.,

2004; Schiel3l et al., 2006; Kim et al., 2016)

121



Chapter 4Finite Element Analysis of Chloride Ingress in Prestressed Concrete Bridge Girders

Anotherpoint which is worthy of investigatiopertains tathe accuracy of simplified
procedures to determine the evolution of the chloride content during the service life of concrete
bridges. To this endhe time evolution of total chloride obtained from theité element
analyses is compared to the corresponding values calculated using theodiesitgd equation
of the FIB coddgSchiel3l et al., 2006)The specific equation has been ottal by considering
the solution of a tim&lependent, ondimensional diffusion problem.

Figure 4.16a andFigure 4.16b compare the results obtained with the finite element
analyses and the equations of the FIB code, for the girders taken from the Lrebietea
Road bridge, respectively. The comparison is conducted in terms of the chloride content time
histories at the location of the outermost strands for the section of each girder. Two different
time histories are provided for the finite element analyse. one for a strand located in the
corner of the section and another one for a strand located away from the corner of the section.
For the Lesner bridge, the chloride content at the end of service life for the strands near the
corner region was 32%dtier than away from the corner. The corresponding value for the Aden
Road bridge was 43%. It can also be sedfignre 4.16a andFigure 4.16b that the approach
of the FIB code systematically underestimates the chloride content obtained by the finite
element analysis. The values of chloride coneiain obtained by the FIB model at the end of
service life for the Lesner and Aden Road bridge are 34% lower and 12% lower, respectively,
for the regions away from the sectional corners. The underestimation is much more pronounced
near the sectional corse for which the validity of the assumption for esienensional chloride
transport (on which the equations of the FIB code rely) breaks down. In these regions, the values

obtained by the FIB code approach at the end of service life for the Lesner antRéakEn
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bridge are 50% lower and 38% lower, respectively, than the corresponding values obtained
from the finite element models.

The plots inFigure 4.16a andFigure 4.16b also identify the value of critical chloride
content,Ccrit, for each one of the two girders. The finite element analysis results indicate that
corrosion would be expected to have takeneldering the service life of the two bridges.
Additionally, the chloride content at the corners of the section for each girder reacBes the
value much earlier than away from the section corners, i.e. at an age of 13 years for the Lesner
bridge and 1%ears for the Aden Road bridge. These results indicate that the extent of corrosion
would be expected to be more pronounced near the corners of the section for the two girders,
which was indeed the case as deducenh Figure 4.2(c) andFigure 4.3(c). Assuming that
corrosion takes place at a constant rate after the critical chloride content is exceeded in the
vicinity of a strand, the Lesner bridge strands near and away from the sectional corners have
been subjected to corrosion for a period of 30 Bhgears, respectively. The corresponding
corrosion process time estimated for the Aden Road bridge is 17 years for the strands near the
corner and 5 years for strands away from the corner. For the specific valugsaafdpted in
the simulations of thiwo girders, the use of the method in the FIB code would not predict any
corrosion propensity for the Lesner bridge, while it would predict initiation of corrosion for the
Aden Road bridge, but at a much later time than that obtained with the finitenelerheme

proposed herein.
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Figure 4.16. Comparison of analytically obtained chloride content evolutiestonated
critical values corresponding to corrosion initiation and to results obtained with the simp
approach in the FIB code (FIB 2013)

4.11Discussion

The calibrated modeling approach presented in the previous sections was found capable
of capturing the experimentally measured chloride content for the two bridge specimens. As
mentioned above, the calibration was focused on laboratory specimens with concrete properties
similar to those of the tested bridge girders. The adoption of a numbsmefifying
assumptions, such as the use of porosity and chloride diffusivity values which do not vary over
the course of a simulation and neglecting the effect of hysteresis in the sorption isotherm for
cyclic wettingdrying, was not found to significdgtimpact the predictive capabilities of the
finite element models. Still, further studies may be necessary to determine the general validity
of the simplifying assumptions and whetlaglifferent calibration may be required for bridges
with different concrete types

As mentioned in the previous sections, the finite element equations for chloride transport
included SUPG stabilization to prevent the occurrence of spatial instabilitiee solution.

The susceptibility of an advectiahffusion finite element computation to spatial instabilities
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can be determined on the basis of the Peclet nunfierwhich expresses the relative
significance of the advective and diffusive transport teidmea and Huerta, 2003; Fish and
Belytschko, 2007)Values ofPe greater than 1.0 imply that advection dominates and spatial
instabilities are expected to occur unless a stabilization technique is employed. The analyses
for the girders gave Peclet numbers which often far exceeded 1.0, thus verifying the need for
the incorporation of the SUPG stabilization in the solution of the finite element equations for
chloride transport. In fact, the absolute maximum valu@<0bbtainedin the two analyses
equaled 159.7.

Another finding from the finite element analyses pertains to the fact that the chloride
content in the vicinity of the sectional corners is much greater than that away from the corners.
As mentioned above, this resultaigned with the actual corrosionduced damage in the
girder specimens, which was more pronounced in the corner regions. An implication of this
finding is that analysis approaches considering unidirectional chloride transport along the
thickness [suchsathe ones presented in, e(@langat and Molloy, 1994; Tang and Nilsson,
1996; Hansen and Saouma, 1999ay not provide fe@able estimates of the corrosion initiation
time for the strands in the vicinity of the corner.

An interesting question is related to the significarofethe advective transport
mechanism and to the sensitivity to the analytically obtained chloridentdotibe fluctuations
of the ambient temperature and relative humidity. To elucidate the impact of the aforementioned
modeling assumptions, the analysis for the Lesner Bridge girder has been repeated several
times. The first repetition neglected the impatadvective transport on the chloride ingress
process. The second repetition assumed a constant value for the ambient tempgrgtanel

relative humidity,hamn, equal to 15.8C and 0.66, respectively. These are the mean annual

125



Chapter 4Finite Element Analysis of Chloride Ingress in Prestressed Concrete Bridge Girders

values of temperatuand relative humidity obtained from the weather station records. The third
and final repetition accounted for the fluctuations (with time) to the valbgngfbut assumed

a constant value of 150 for Tams The chloride content histories near the coofehe Lesner

Bridge girder section obtained for the various repetitions of the simulation are compared in
Figure 4.17. One first key remark is that neglecting the effect of advective transport can lead
to significant underestimation in the chloride content. The same applies if the analysis uses a
constant vlle for the ambient temperature and relative humidity. This finding corroborates the
conclusions of an earlier study Bjint et al.(2014)who had determined that using averaged
values (with time) for the ambient climatic conditiocan lead to unacceptable errors for
coupled heat/mass transport simulations. Findllyan be seen that the use of a constant value
only for the ambient temperature has negligible impact on the results, indicating that the main
source of error associated with constant values in ambient conditions is associated with the
relative humidity. This is obviously due to the profound effect that relative humidity
fluctuations have on the advective transport mechanism. The observations stemming from the
results ofFigure 4.17 also apply to the chloride content time histories for a location away from

the corner of the crossection.
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Figure 4.17. Impact of various modeling assumptions on the analytically obtained evolution

of chloride content in the corner region of theekttion (Lesner bridge) girder
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It is important to reiterate that the analyses presented in the present study neglected the
impact of corrosiofinduced cracking on the chloride ingress mechanism. While this effect may
not be very significant for estimating the corrosion initiation tirme d girder exposed to
chloride ingress, it must be accounted for in cases aiming to, e.g., quantitatively determine the
occurrence and temporal evolution of cracking damage and the reduction in tiedosd)
capacity of bridge girderg&nother aspect hich was not considered in the present study and
may warrant future investigations is the potential occurrence of unusual or even extreme
weather events and its impact on the evolution of the chloride comtarg, despite the fact
that the analytical se&ime presented herein can provide insights into the durability and potential
need for intervention to address corrosioduced damage in prestressed bridges, there is still
a need for follomup research to further enhance the understanding of chioddeed
corrosion.

The use of the desigoriented procedure in the FIB code was found to generally give
unconservative results in terms of chloride content and possibility for corrosion. It is important
to further investigate the accuracy of the method wigasnrementaken from actual bridges,
to determine whether modifications are required to enhance the accuracy of the specific

procedure.

4.12 Conclusions

This study presented a computational simulation framework for describing chloride
ingress in prestressed concrete bridge girders. The framework, based on a finite element
formulation considering heat transfer, moisture flow and chloride transyastcalibrated with

material test data from the literature and validated with data from chloride measurements
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conducted on two prestressed girders, which were removed from two bridges in Virginia and
exhibited corrosiosinduced damage. Further analysesmdnstrated the significance of
advective chloride transport entailed by the moisture flow, as neglecting the effect of this
mechanism was found to lead to significamderestimation of the chloride conteihe
analyses of the girders were shown to &atisrily reproduce the experimentally measured
distributions of chloride content with depth, while also having the capability to account for the
impact of the storage of the girders away from the bridges before the tests. A comparison of the
chloride conent with the respective critical value estimates, corresponding to corrosion onset,
shows that corrosion damage would be expected for both girders, especially for strands in the
vicinity of the sectional corners. This finding agrees with the actual corrasimage that the
girders exhibited. The simplified, desigmiented equations of the FIB code were generally
found to underestimate the actual chloride content, something that indicates that the specific
equations may not lead to conservative resultsnwhged to evaluate the possibility for

corrosion and the anticipated corrosion initiation time for a bridge girder.
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Chapter 5
Coupled Multiphysics Modeling of Chloride-
|nducedMechanical Damage inConcrete

Bridges

This chapterintroduces asimulation scheme to account for corrosinduced
mechanical damagee. cracking) in concrete structuréy incorporating a phenomenological
description of the electrochemicalxidationreduction reaction Kkinetics, generation of
expansive corrosion pducts, and subsequent development of tensile stressesuaiadien
the surrounding concretéhe impact of cracking on the mass transport mechanisms of moisture
and chlorides is also accounted.fdihe modeling schemes validated usingdata from
experinental tests on concrete specimedgbsequentlyhe modeling schemeasapplied to
reatlife bridge girders. The simulations are found capable of capturing the time sufieste
cracking spalling of concrete near cressctional corner region, veefil with experimental test

on bridge structures.

5.1 Description of the Girders

Theproposed coupled Multiphysics scheme is primarily focusdédormroncrete bridge
girders decommissioned from bridges in the stat&/wofjinia. The girders were selected for
thar ability to provide insights into the prevalent bridge construction practbodis within and
outside of coastal area3he first specimen wgsrocuredfrom the Lesner Bridgdocatedin

Virginia Beach, whicthad been in operation for a duration of 49 yeline extraction process
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necessitated sawautting the slab on both sidestbe girder to separate it from the rest of the
bridge structure which resulted in an-$haped crossectional geometnyfor the girder
specimenin order to assess the lotgrm performance of the bridge, a chloride titration test
was performed on the ged two years after the bridge's demolitjamhich corresponds to an
age ofb1 yearsTheotherspecimen had a beshaped crossection andvas removedrom the
Aden Road Bridge near Quantico, Virgiritier 34 yearf service Following its removal, the
girder was deposited at a separate location and later subjected to testing at 40 yeafhef age.
I-section girdewas featured witla 51 mm thick concrete overlay, whereas the-&@otion
girder had a 38 mm asphalt topping that was removed durirdgthastructionprocess.

Both girders exhibited variety of damage from cracking to gpallingof the concrete
which was particularly pronounced in tbesssectional corner region&\n overview of the
condition of the girders near the end of their senlie characterizing the extent of the

corrosion damagés shown inFigure 5.1 andFigure 5.3.

concrete \3% =%
(a) Condition of the bridge (b) Corrosion damage, (c) Corrosion (d) Repaired area,
near the end of service life bottom view damageside view bottom view

Figure 5.1. Corrosioninduced damage ilksectionbridge girdersat different locations
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(a) Condition of the bridge (b) Corrosion damage (c) corrosioninduced (d) corrosioninduced
nearthe end of service life sideview crack, bottom view crack, side view

Figure 5.2. Corrosioninduced damage in besection bridgeirders at different locations

5.2 Mathematical M odel

The mathematical model corresponds to a bridge girder wbitstituteghe domairg
of the physicalprocesses affecting the intrusion of chloride in concrébe mathematical
modelcomprisedive distinct physical processescludingheat transfer, moisture transport,
chloride transport, electrochemical oxidati@uuction reactions, and mechanicahdge The
boundary conditionsicross the surfadg entail radiation form the syrand theflow of heat,
moisture, and chloriné’he following sections detail the governing differential equations that

describe the kinetics of various physipabcesses

5.2.1Equations forHeat Transfer
The conservation of energy principle underpins the governing differential equation for
heat transfer, which is expressed by the following law

%o O+ 0 (5.1)

whereT, } andc denotetemperature (K), density (kgAnand specific heat capacity of the
material [ J/ ( kFowik's lhw provides thesbadisifor deriwng the heat flux

vector, g, (W/m?) given by:
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o = BT (5.2)
wherek, ist he t her mal c o nterm antd DTusithetgmpéraiireradién ) ]
The boundary conditions for heat transfer involves heat convectiosodardradiation,
which are expressed mathematically as foltows
Gren=0 (T -T.p) 6 (5.3)
where n, b;, denote theunit normal outward vectprand constant surface heat transfer
coefficient [W/(ntAX)]. The added heat per unit surface due to solar radiatidefised by
g, = al wherea is the surface absorptivity factandIs (W/m?) is thesolar irradianceéerm

(AliasgharMamaghani et al., 2023)

5.2.2Equations forMoisture Transport

The governing differential equation for moisture transport is obtained by enfohheing

principle of nass conservatigmiven by the following equation:

14h B-j,, O (5.4)
k pt

wherethe moisture capacityermis k= f vy, his the field relative humiditywe is the
evaporable moisture conteandthe moisture flux vector is given jy = -D,Ph, whereDm

is the moisture per meandbh isthg gradient ditte retativee n t [ k
humidity. The moisture content in concrete is the combination of two components: chemically
bound water and evaporable moisture content. The former is trapped within the calcium silicate
hydrate (GS-H) layers and cawvary unde severe condition§ Ba g a n t and. Jir 8s.
Therefore, in this study, evaporable water content is solely used to measure moisture variation

in the concrete medium
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The correlation between evaporable water corardtelative humidity is described by
sorption i®therm. The shape of the isotherm depends on whettsorption(wetting) or
desorption (drying) is taking plac&his study employs the following equation for sorption

isotherm(Van Genuchten, 1980)
w,=w, & bnh* g (5.5)

wherewe: (kg/mP) is the maximum evaporable moisture content@maare model parameters.
The following lawis proposedor the moisture diffusion coefficiemthich also account

for the mechanical damage in tt@ncrete

e g
Dp=d * o B (56)
e u

wherew is the width of the crack (mmleis the size of the meshndn, k., S areconstant

model parameter3he first part of equatio(b.6) accounts for the effect of mechanical damage
and replicates the transport behavior in cracked specimens, while the subsequemtiiesm m
the transport in sound specimeii$ie latter is obtained by employing a model proposed by

Bagant a@x2)Najj ar

e. -C [%)
Dy =&y + -4 — (5.7)
g 1+[@-h)/A R)" g
whereci[ k g/ ( mAs) ] i spermaabilityfoeclirring sh & 1, andha, t andanare

model parameters.
The mathematical model that characterizes the convective transport of moisture across

the boundary is expressed by the followagpation

jmn=d(n hin B (5:8)
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wherede representthe constant moisture emissivity coefficient [kg?&)] anch, , denoteghe

ambient relative humidity.

5.2.3Equations forChloride Transport

The differential equation governing the transport of chloride is derived by invoking the
principle of mass conservatio(Maekawa et al., 2003; Maekawa, 200&)athematically

expressed by:

Eis ©) b4, o0 (5.9)

Mt
whereCs is the concentration of free chloride (mofjirand; andS denotethe porosity and
degree of saturatiorThe chloride flux vector,j,, is the sum of two contributien namely
diffusion, andadvection, which are driven by concentration gradi® () and moisture flow
velocity (v ), respectivelyThe chloride flux is given by the following equation

o=/ PQBG O/ $v & (5.10)
The following equation is proposed for the chloride diffusion coefficient, which

accounts for the mechanical damage in concrete material:

=l
LA™ M

e

C W i | e,
0,70, s S5 et ) ek 1
é

I, U aR

ref

O

where Dy is the referential chloride diffusion coefficient 4is), Q, is the activation energy

(J/mol), R representghe universal gas constant, equal to 8.3145 JlKholer denotesa
reference temperature equal to 293.15 KQOT is the absolute temperatu& refers tothe

c r a sdtubtason degree, angl, , acr, ber, andner areconstant model parameters
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The total chloride content (Ccan be decomposed into two contributions: free chloride,
which can move freely in the porous network of concrete, and bound chloride, whazlrils

to the pore walls. The following mathematical relationship describes the total chloride content:
C =C, 4G (5.12
The mathematical relation describing the bound chlorideseribed by the following
law:
0.7
- 5.13
Cymy =1.5(Cy() (513

whereCpm)andCim)are the cotentof free and bound chloride in percagéof cement mass.
The boundary condition accounts for the mass convection across the boundary surface and is

described by:
jaen=56,(C; -C.) (5.14)
where Camb is the concentration of chloride in the ambient environment gnid a surface

chloride transport coefficient.

5.2.4Equations forStress and Deformation

The governing differential equation for soldechanicds obtained by invokinghe
principle of conservation of momenturBy considering a state of static equilibriuthe
following equation islerived

P% b O (5.15)

where b is the body force vector, neglected in this study, ands the stress tensofhe
concrete material model employed in this study uses an elastoplastic formulation for

compressiordominated behavipensuing the following formulen:
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s=C:(e- "2 (5.16)

whereC denotes the isotropic modulus tensor, the total strain tea} given bye= & + °

and e°, and efare elastic and plastic part of the strain ten3dre constitutive lawin
compression is assignadonassociative flow rulavith ayield surface as followgvioharrami

and Koutromanos, 2016)
- 1 y
f{% A :E[ al) i+, 9 \}é J)  c(-)l. (5.17)
wherel; is the first invariant of the stress tensdyjs the second invariant of the deviatoric
stress tensor& is a vector containing principal stresses, arfd.e), &, c.(k), and a are
model parameters described in detail(Moharrami and Koutromanos, 201Gjhe rate of
plasticflow is obtainedrom the following relationship:

e =/ & (5.18)
s

where & is a scalarplasticmultiplier, and by / g is the plastic flow directionThe plastic
potential functiorcorresponds to the following equati@vioharrami and Koutromanos, 2016)

y = al, @ (5.19
where a  denotesa dilatancy parameterThe concrete materiaisesa rotating smeared crack
approactfor tensiondominated behavioAfter the occurrence of cracking, the principal stress
(£) in the direction of the principal strairE() is updated and assigned an exponential decay

function(Moharrami and Koutromanos, 201@§)jven by:

£=q [@ M)exp( (KEe .,BF{D M] (5.20)

wherec is tensile strengthg, is tensile strain at the beginning of softenirgis a scalar

parameter governing the rate of softening, Bhds the ratio of residual tensile strength with
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respect to tensile strength as discussed in detdilaharrami and Koutromanos (2016)
Specific considerations wetaken into account to ensure compatibiligtween elastoplastic

and cracking lawsas demonstratedoharrami and Koutromanos (2016)

5.2.5Equations forElectrochemical OxidatiorReductionReaction

Corrosion is assoated with an electrochemical oxidatioeduction(redox) reaction
whereinironin steelis convertedo corrosive material A redox reaction involved the transport
of electrons from one chemical species to the offfés.processnvolves the formation of two
electrochemicahalf-cells namely anode and cathodéhe anode corresponds to the species
that loses electrons, i.de species that incurs oxidation, while the cathode corresponds to the
species that receives electrons (i.e., the species for which reduction odtwsnodic
chemicalreactioncan be described by the following equation
Fe- Fé' + 2e (5.21)
where iron Fe,is oxidized into ferrous ion B& Reduction occurs at the cathode through the
adsorption of electrons, which become part of the gtepecifically,the cathodic reduction
reaction is expressed as follows:
O, +2H,0 +e - 40H (5.22
where oxygenQ, is reduced to hydroxyl ion©H-. The FE* and OH ionsthen participate in
secondary reactionwhich result irthe formation of iron oxide (rusf)yhe procedure to account
for electrochemical oxidatiereduction reaction is described on the bases of thermodynamics
electrochemistryThe kinetics of the electrochemical reaction in this research are based on
microcell corrosion. In particular, this sty assumes corrosion to occur uniformly in the
surrounding area of the steel material, without accounting for the potential influence of pitting
or localized corrosion, which are associated with maetbcorrosion mechanisn{Maekawa
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et al., 2003; Hussain and Ishida, 2Q1The latter holds particular significance for specific
structures, such as those exposed to external chh@ewy et al., 2021 Microcell corrosion
mechanisnmnvolves the formation of anodic and cathodic +eafls in the inmediate vicinity

of the same metal on a microscopic lefitlissain and Ishida, 201The rate boxidation and
reduction reaction is assumed to be controlled by activation polarization. The electrode kinetic
behavior of two haltell reactions [equatiofb.21) for oxidation and5.22) for reduction] are

shown inFigure 5.3. In a scenario where the surface areas of the anode and cathode are assumed
to be equal, it is postulated that all electrons liberated from one cell are subsequently consumed
by another cellthereby ensuring the local conservation of electric charge. Consequently, the
rate of reaction in the two half cells is equivalently balanced, resulting in the identification of
the intersection point on the polarization curves as the sole point tisfiesatiis criterion. By
projecting this intersection point onto the vertical and horizontal axes, the corrosion potential
(Ecorr) and corrosion current densitycof) can be ascertained, respectively. The primary

objective of the oxidatiomeduction reation is to attairthe latter.

E(Q,/ OH')
A&/

Reduction
ico(O,/0OH")

E,

corr

E(Fe/ F§_)__I Oxidation

Electrochemical Potential (V)

H
io(Fel FE")v |Cor

Current Density, (A/m?)

Figure 5.3. Electrode kinetic behavior of oxidatieeduction reaction with activatio
polarization rate limit

As discussed earlierhe kinetics of theelectrochemical reaction is described on the
bases of polarization curvds this regard, the electrode potential at the cathodic branch can
be ascertained by
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E =E, +,log(—=) (5.23

cO(T)

where Eco denotesthe cathodicelectrode potential at equilibriurh, representshe cathodic
Tafel slope ic is the electric current density at cathodic sitg;, =i.f 1, Whereico is the

equilibrium electric current density at cathodic siféde variability of the standard cathodic
current density with temperature has bédemonstrate(Hussain and Ishida, 20114s a result,
the present study takes this effect int@a@unt by adjusting the standard current density in

accordance with the Arrhenius law

(5.24)

where Qqq) is the activationenergy termassociated with the curredensity The standard
electrode potential at tlwathoak is given by the following equatiofHussain and Ishida, 2011;
Wang et al., 2021)

+l|:ln( R,) ©.0591pH (5.25)

OH" /0,

— EQ
E,=E OH /O,

where EQOH'/Q is thestandard oxygen cell potential at Z5, Zowr- 1o, isthe number of electrons
transferred in the cathodic haléll reaction,R, is thepartial pressure of oxygerand pH is

the potential of Hydrogen.

The electrode potential at anodic bramcdefined bythe following equation:
E.=E, #, (5.26)
where Eqo is the anodic electrode potential at equilibrium, a@ndis the overvoltage for

oxidation halfcell givenby (Hussain and Ishida, 2011)
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2.SOIRTF 0g(2) 8 (5.27

a0(T)

h, =
0.5z

Fel F&*

where z is the number of electrons transferred in #modic falf-cell reaction i, is the

Fel F&*
electric current density dheanodic siteji o, =i,.f 1, andi,the electric current density in
equilibrium attheanode and

— o -1.04
f,=0.0317 O, , (5.28)

The standard electrode potential at the anode is defin@idusgain and Ishida, 2011)

RT ”
- EQ
B = EFe/Fe2+ ﬁh‘](CFéJ Ky (5.29)
Fel F&*
where El?e/FeZ" is thestandard iron cell potential at 25, C__. is the concentration of ferrous
ion and
1.2C .
F,=——® ©.003 IG{1.0 16C,,, ) 1. (5.30)
C...,+1.0

f (m) .

Following the establishment of the mathematical framework for the electrochemical
oxidationreduction process, the corrosion current densiy,is determined. This quantity is
subsequently converted into the corresponding mass loss utilizing Fatadayich can be

expressed as follows:

t

=R Rt (5.31)

0 ZFe/ Fet

whereicr representshe corrosion current densitydenotes the time, and Btands forthe

molar mass of iron.
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5.2.6Equations forExpansion of Corrosive Product

After determining the mass loss of the strand, the next step ascmunt forthe

volumetric expansion of corrosiveompounds The rateof the radiusloss (f,,,) can be
expressed throughe following equation:

, -

f=_—m (5.32

where r _ is the density of the steel material (k§JnThe mathematical proof for equati(®32)

is provided iMAppendix C. Subsequently, to feed the expansion lavataequation governing

the area loss of the steel material needs to be defined:

g=1 -(r,, /r,) (533
here,ro andrcorrefer tothe radius otheoriginal and corrodedire, respectivelyasillustrated

in Figure 5.4.

Figure 5.4. Parameters specifying thelumetric expansion c wire

After some mathematical procedures outlinedAppendix D, the radius of the

corrosive produds derived through the following equation:

Mus =r0\/l 'lg( é_l) (534)

wherea,_is the volumetric expansion of corrosive product.
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The stress induced lilze volumetric expansion aforrosive products , is given by

the following expressian

§=Cge,: (e ¥ (5.39

where e derotesthe totalstraintensorfor the corrosive materialandthe plastic part oktrain

aut

tensor(e”) is set tozero. €*"is the autogenous part of the strain tensor, givesi'by | 5,

exp)’
wherel is the identitytensorandthe autogenous true strainabtained from the following

equation

aut _ obus dF
Cow — 1 —

o

(5.36)
It is important to note that equati@®36) takes into account the natural strand not
engineering strain. The tangent modulus tensor for corroded prc[d(geg)t, is dependent on

the elasticity modus given byfollowing equation(Toongoenthong and Maekawa, 2005)

. . l+gla
¥ g @E.+(1- )E, (5:37)

where Es is the elastic modulus of stemlaterial E;s is the elastic modulus aforrosive

material

5.3 Numerical Implementation

The governing differential equations shown in the previous sewat#watransformed
into a weak form and then translated into the equivalent finite element formulations for
numerical description of all physical procesgédiasgharMamaghani et al., ZB). A
necessary stabilization technique is employed in this study to prevent spurious effects of

moisture flow in the solution, using the SUPG technique. For scalar field problems, an implicit
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backward Euler timenarching scheme and a full NewtBaph®n iterative scheme&ereused.
For solid mechanics, an implicit timedependent solution and an initial stiffnésssed

NewtonRaphson iterative schemereemployed.

5.4 Model Calibration

This section presents the calibration for a unique set of modeinptaes of the
constitutive law that could describe the experimentally observed behawvibfocuse on
concrete prisms and cylinders. The calibratieseperformed for thermdnydro-mechanical

chemical processes

5.4.1Moisture Transport

The model parametersrfmoisture transport are calibrated with the experimental data
from Hanson (1968)as shown inFigure 5.5. The experiment was conducted on normal
strength concrete cylinders that had been cured for 28 days. These cylinders were exposed to
an environmental relative humidity éf= 0.50 for a duration of three yeaihe test setup
involved sealing the top and ttom faces of the cylinders to create an impervious boundary
This arrangement allowed moisture to flow out only in the radial direclitve. model
parameters in equati@b.7) corresponding to the moisture permeability coefficaptassigned

the following valuesxc, =1.96 310°kg/(m.s) h, = 0.69, r =6.00 anda, = 0.01. The values

of Wer = 97.3kg/m?, b = 3.10,m = 0.48are assigned to parameterseiquation(5.5) which
enable an accurate reproduction of the relationship between relativdityuamd moisture

content, for scenarios involving monotonic dryingeasured b¥arogheiBouny (2007)
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Figure 5.5. Calibration analysis for moisture transport using the experimental det@nison
(1968)

5.4.2Chloride Diffusive and Advectivdransportin Sound Concrete

The parameter in chloride diffusion model walibration with a large body of
experimentablata(Sergi et al., 1992; Maruya, 1995; Maekawa, 2008; BareBbehy et al.,
2009; BarogheBouny et al., 2014)asdepicted inFigure 5.6. The analyses are assigned a

value of D, =6.0 @ m%s for concrete specimeasd were found capabt# capturing the

concentration of total chloride, measure through the depth.
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(a) Specimen from
(BaroghelBouny et al., 2009:
BaroghelBouny et al., 2014)

(b) Specimens frorfMaruya,
1995; Maekawa, 2008)

(c) Specimen fronSergi et
al., 1992)

Figure 5.6. Profile oftotal chloride obtained from calibration analyses

The calibration analyses ftre coupled heat transfehloridetransport modeieliedon

relevant experimental da8amson and Marchand, 2007; Chen and Razaqpur, 2021a, 2021b)
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which are presented Figure 5.7. The analyseare assignedthermal conductivity coefficient

of k, =2.5W/ (m K)and aheat capacity ofc=1000J (kg K. The model parameter

capturing the coupling effect between heat transfer and chloride transpoQg (&ctivation
energy) is assigned a value of 22 kJ/mol and 35 kJ/mol for cement paste and concrete,
respectively.As shown in the figure, the analysis results were in good agreement with the
experimental observationdowever, at temperatures significaritiyver than the supercooling
temperature of7°C, the model predictions may deviate due to the questionable applicability of
the Arrhenius law, as reported in previgastinentstudiegSam®sn and Marchand, 2007; Chen

and Razaqgpur, 2021d)onetheless, this issue does not pose a concern for the presemtsstudy

the temperature range of interestarelybelowthe supercooling temperature.
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Figure 5.7. Calibration analyses faoupled heat transfahloride transport

The calibration analys for coupled moisturehloride transport, also known as
advecton diffusion, are shown inFigure 5.8. The analyseemploy similar calibration for
chloride diffusion coefficient discussed above, and similar moisture parameters for constitutive
laws of moisturediffusion coefficient. However, the parameters describing the moisture content
(sorption isothermin equation(5.5), are assigned the following valueg: = 90.2 kg/m, b =

17.00,m = 0.34 These valuesverespecifically chosen to correspond to scenarios involving
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monotonic wetting (i.e., imbibition), anldave been calibrated using experimental data from
BarogheiBouny(2007) as shown iffAliasgharMamaghani et al., 2023lf is noteworthy that
the elimination of the inlbottle effect, which is associated with the thermodynamic
metastability of adsrption-desorption, provides the rationale for employing monotonic wetting
in these analyses.

The analysesaand experiments showim Figure 5.8 were performed under cyclic
wetting-drying conditions. In particulathe experiment conducted Baruya et al.(1998)
focused on concrete specimens and involved a total of 42 wdtiyinyg cycles. Each cycle
lasted for 14 days, and the drying conditions were maintained at a relative humidity of 60%.
On the other hand,u & al. (2015)conducted tests on concrete specimens involving a total of
15 wettingdrying cycles, with each cycle lasting for 14 days. The drying conditions were
maintained at a relative humidity of 76%he analyses were able tocacately capture the
chloride content, highlighting the significance of advective transport within the porous network

of concrete structures.
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(a) Time-evolution of free chloridetest by  (b) Profile of free chloride distributionest by
Maruya et al(1998) Lu et al. (2015)

Figure 5.8. Advective diffusivetransporiof chloride inconcrete specimens
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5.4.3Chloride Diffusive and Advective Transport in Cracked Concrete

This section aims to describe the coupling effect between mechanical damage in
concrete and transport phenomena. It begins by calibrating moisture trgresonietersn
cracked concrete, followed by the diffusive and advective transport of chloride in cracked
specimens.

The calibration formodel parameters in equatig.6), i.e., moisture diffusion
coefficient in cracked specimen performed usinghe experimental datiiom Park et al.
(2012a) The modelis calibrated byassigningvalues for constant model parameters as3,
andk, =1 @ mm? according to the recommendation Bgzant et al. (1987andS=9.1 mm.

The value ofeis set t05.0 mm,however i is subject to variation during computation based on
the size of the mesithe modeis found capable of capturing moisture diffusion coefficient at
different crack with, as shown Figure 5.9.
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Figure 5.9. Calibration of model parameters for moisture diffusion coefficient in cra
concretausing experimental data frofark et al. (2012a)

1

The calibratioranalyses fochloride diffusion in cracked corete is performed using
experimental test datan Kato et al. (2005) which employs specimens with different

water/cementatio, asdepicted inFigure 5.10 and Figure 5.11. The model parameters in
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equation(5.11) are assigned the following valugg: =820.0,a; =120.0,andner =2.0, which

were capable of accuratealgproducing the experimentally observed behavior.
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Figure 5.10. Calibration of chloride diffusion in cracked concrasengexperimental data il
Kato et al. (2005jor concrete with w/c=0.39
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Figure 5.11. Calibration of chloride diffusion in cracked concrasing experimental data |
Kato et al. (2005jor concrete with w/c=0.55

In realtlife, structures are subject to variation in moisture content. Given that;ldeeal
structure is affected by advectidiffusion and not only diffusion. The parameters affecting the
advective diffusive transport of chloride in cracked concretdentical to the one discussed
above for each individual phenomenon (that is moisture and chloride transport in cracked

concrete), while here the coupling between the two, are accounted.
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The transportmodeling scheme in is validated using experimental datau et al.

(2017) for specimens under wettingjaing cyclesas depicted ifrigure 5.12. The schemwas

found capable of reproducing experimental data for various crack widths.
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Figure 5.12. Validation of advectivediffusive transport in cracked concretasing
experimental data ihu et al. (2017)

5.4.4ElectrochemicalOxidation-Reduction Reaction

The calibration of model parameters &ectrochemical oxidation reduction kinetig,
shown inFigure 5.13. This study assumes free flow of oxygeithin the porous network of
concrete(Hussain and Ishida, 201&hd asigns a value of 0.142 to tleathodicTafel slope

b,. Theequilibriumelectric current density at cathodic sitg, is set equal to THA/m?2 The

model parameters corresponding to equati@®R5) and (5.27) are assigned the following

— ) FR— 2 —
20, E° $.299V(SHE, i,=10°%A/m%  z_ .. =2.0,

values: Z =
OH /0,

OH /O,

EQOH,/OZ =-0.44V (SHE.. As shown, the model was found capable of capturing the rate of

corrosionwith a good rate of accuracy.

149



Chapters. CoupledMultiphysics Modeling of Chloridénduced Mechanical Damage in Concrete Bridges

~ 0 \ ‘ 0.5 - _
P e Experiment z e Experiment .
S — Analysis %t 0.4 | — Analysis
£ -0.2 1 S
q) —
S 203
8 0.4 2
9 T 02
e S
S-06- g 7
O ° 0.1
o
0.8 - O o | | | |
0.0 2.0 4.0 6.0 8.0 0.0 2.0 4.0 6.0 8.0
C; (% of cement mass) C; (% of cement mass)
(a) Corrosion potential (b) Corrosion rate

Figure 5.13. Calibration of electrochemical reaction kinetising experimental data i
Hussain and Ishida (2011)

The coupling betweeleattransfer aneklectrochemicabxidationreduction procesis
establishedising experimental dateom Hussain and Ishida (201,19s shown ifrigure 5.14.
In particular, bhe onlyparameter in equatiofd.24) characterizing this coupling effect @,
which is assigned a valwé 13kJ/mol thereby enabling precise replication of éxgerimental
behavior
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Figure 5.14. Calibration otheat effect oelectrochemical reaction kinetisingexperimental
data in Hussain and Ishida (2011)
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5.4.5Solid Mechanics and Expansion of Corrosive Products

The purpose of the calibration analyses in this sectiondsteyminenodel parameters
that can effectively estimate the cracking pattern resulting from corrosion damage in concrete.
The calibration process is initet by focusing on the cracking pattern in concrete prisms,
followed by an analysis to determine the crack winlththe surface of the concretéth the
level of corrosion damage. This will allow for the establishment of a reasonable connection
between thevolumetric expansiorcaused by corrosive producésmd the maximum crack
opening displacement on tearfaceof the specimen.

The initial calibration analysis employs an experimental test present€@hlbera
(1996) wherein accelerated corrosion testing was conducted to evaluate the crackingrpattern
concrete caused by corrosionThe comparison between the analytical response and
experimental behavior is illustrated kigure 5.15, which confirms the accuracy of the model
in predicting thecorrosioninducedcracking patterin concreteThe volumetric expansion of
corrosive agentsaused swelling pressure on gwerounding concrete, ultimately resulting in

crackingof the concrete.

Max. Prin. Strain
[0.05
0.04

-0.03
-0.02

[0.01 i
0.00

(a) Analysis result (b) Experimentally observed behavic

Figure 5.15. Calibration of thecorrosioninduced cracking pattern using experimental ¢
in Cabrera (1996)
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The second calibration set in this section involves experimentalbyesdolina et al.
(1993) which aimed to capture cover cracking caused by corrosion in concrete,pasms

shown inFigure 5.16.

e Bottom facet
£ of prism
2 N Crosssection
— £ I.\ of prism
\ ~— Reinforcing steel
150 mm

Figure 5.16. Geometric characteristics of the reinforced concrete prism in the :
conducted byMolina et al. (1993)

The studyfocusedon acceleratedcorrosiontests and measured the crack opening
displacementat various locatios along the lenth. In addition, the maximum corrosion
penetration depth was determined through experimentation. The calibration analysis considers
the crosssectional geometry of the specimen with the objective of establishing a dependable
correlation among the volumetrexpansion oforrosive materialghestresseinduced in the
surrounding concrete, and ultimatelye crack opening displacemenh the surface of the
concrete This approach intends to provide a robust and accurate understanding of the
experimental resultsThe comparisorbetweenexperimental data and analysis resu#
depicted inFigure 5.17. The model parameters in equat{®®B7) are assigned the following
values:Es=200 GPa,Ewus =14 GPawhich is close to the values reported in the literature
(Toongoenthong and Maekawa, 2005; Wang et al., 202a¥dition, he expansion coefficient

is assigned a value of,=4.0, which represents the average value for ferrous and ferric
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hydroxyl (Youping and Richard, 1998Jhe tensile strength of the specimarasassigned a
value of3.55 MPa(Molina et al., 1993)andthe fracture energy value of 0.07 N/mwas
adopted for concretm tension In light of the aforementioned information, the analytically
observed behavior, which is illustrated kigure 5.17 for the maximum crackopening
displacementon the surface of the specimewas capable ofaccurately captimg the

experimental data
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Figure 5.17. Calibrationanalysis for corrosicinduced cracking using experimental date
Molina et al. (1993)

Figure 5.18 presents a comparison of the cracking pattern causearinsive products
between the analysis and experiment. The analysis shows aseobiesm of the specimen,
whereas the experiment displays the bottom view of the specirhearetically, the cracking
pattern observed in the bottom view of the specimen should be repragutieebottomface
of the crosssection in the analysis resulthe experiment exhibits branching of the cracks near
the longitudinal centerline, which is precisely captured in the analysis, thus confirming the

authenticity and validity othe proposed ahgis method
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Figure 5.18 Calibration of corrosiofinduced cracking patterrusing experimenta
observation irMolina et al. (1993)

5.5 Analysis of the Bridge Girders

After establishing our scheme and performing calibration, we employedoupled
multi-physics approacto two distinct bridge girders. The primary objective of this phase was
to ensure consistency with our previously established calibration factors and to monitor

experimental behavior

5.5.1Quantification of Ambient Conditions

The parameters in the mathematical equationbéamdary conditioneeedknowledge
of the ambient temperatur@mn, relative humidity,hamn, and chlorideCams The process of
guantifying the ambient condition of each girder began by obtainyepd recoded data (in
this case, for the year 2010) from the nearest meteorological station to the bridge locations.
These time history values were subsequently replicated for the analysis period.

The ambient chlorideCamn, valueis influencedby the particular type of exposure
experienced by the specimewhich may include exposure to deicing salt or saltwater spray

For the Lesner bridge, this stuéynployeda value ofCam=1.74 kg/ni based on McGee's
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(1999)recommendatioffior coastal bridge€On the other hand, the ambient chlongdéuefor

Aden Road bridge was assigned a value @f, =1.06kg ni, in accordance with

recommendatioby Weyers et al(1994)for specimens exposed to deicing salts

As mentioned earlierhe Lesner and Aden Road bridges were in service for 49 and 34
years, respectively, after which they were demolished, and the girders were transported to a
separate location where thesere no longer exposed to chlorid@pecifically, the Lesner and
Aden Road bridge girders were storeddéfierent sitesfor 2 and 6 years, respectivelis a
result, the analysiadoptsa CampVvalue of O for the time interval of the analysis corresponding
to storage.

The analysis takes into account the removal of the asphalt overlay on the top face of the
Aden Road bridge girder during the demolition process. The mesh corresponding to the asphalt
layer is deleted at the end of the service life. Moreower,tlie period of the analysis
corresponding to the storage of the girder, the top surface of the concrete girder was deemed to

constitute an impervious boundary as a result of the demolition

5.5.2Analysis Results

This section presents the resufsthe two bidge girders, providing key information
regarding their service lifdzigure 5.19 illustrates the analysis results for the Lesner bridge
girder after ten years. Ahis specific time, no signs of corrosion damage were observed in the
concretejndicating a low level of corrosion rate in the stranfise figurealsoincludes the
entire crosssection of the girder, emphasizing the lack of corregiolnced damagelsewtere
at this age. The absence of corrosinduced damage suggests that the girder is performing

well, and its structural integrity is not compromised.
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Figure 5.19. Impact of the corrosion on the Lesner bridge giatetO years of age

The first visible surface crack on the girder was detected at an approximate age of 14.5

years, as shown iRigure 5.20(a). The width of the crack at this ag&as minimal andnot
discernible to the naked eyehe small crack width did not significantly affect the transport of
chloride and maiture, as evident iRigure 5.20(b) andFigure 5.20(c), where the contour fill
for chloride and moisture had consisteahcentrationgn the vicinity of the crack. The age at
which the first surface crack appears is a critical milestonécas be considered the tirie
first cracking, after which significant corrosioateand damage may occuiitom a simplified

perspective, the point at which corrosion initiation is observed corresponds to the time when

the protective film on the surfacé the strand is entirely removed.

(@8 Maximum  principal (b) Total chloride c¢) Relative humidity
strain
Figure 5.20. Impact of the corrosion on the Lesner bridge giatell.5 years of age
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The results of the analysis at an age of 20 years are presehtgdrm5.21, indicating
the progression of corrosion and its associated damage. The figure highlights the presence of
cracks that have propagated through the concrete, with the tip of the crack rehelside
surfaces. The increased crack width has also led to higher concentrations of chloride and
moisture in the immediate vicinity of the cracks, as observddguare 5.21(b) andFigure
5.21(c). This increased concentration of chloride and moisture in the cracks suggests that the
corrosion has progressed and started to itpacstructural integrity of the girder. Despite the
presence of cracks that have reached the side surface, it is noteworthy that at this age, the bottom

face of the girder remainsidamagedy the effects of corrosion.

(a) Maximum principal strai (b) Total chloride ) Relative humidity

Figure 5.21. Impact of the corrosion on the Lesner bridge giat@0 years of age

A compelling comparison between the simulatiesultsand experimental observation
can be established when examining the bridge after 27 years of sengguila 5.22, the
damage map of certain girders and their corresponding simulation counterparts is presented.
The experiment illustrates thiepaired area implemented at this dgés crucial to highlight
that during this phase, certain preliminary repairs werdedaken on the specimens.

Specifically, a meticulous process was employed to remove the deteriorated concrete, which
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was manifested as cracks or deterioration in both the side and bottom regions of the girder,
within the affected area. This process inwalvdeliberately chipping off the concrete until
reaching the level of sound concrete, as visually depicted by a pattern in the figure. After this
careful removal, the area was restored using fresh mateAdHitionally, it is worth
emphasizing that theathage map obtained from the experiment provides observations
primarily from the perimeter of the girders. However, the analysis results also demonstrate
crack propagation within the interior of the cregxtion.The analysis reveals notable cracking

in the corner region of the girder's cresection, subsequently followed by crackimgarthe

bottom regionlin particular the width of the crack in the side is more than 0.5 ithime.worth

noting that, at this stage, the concrete in the corner region exhibits a loose and easily removable

nature, aligning with the observations made during the experiment.

Max. Prin. Strain
[0.20
0.16
-0.12
-0.08

[0.04
0.00

R repaired concrete

(b) Experimentabbservation (b) Analysis result
Figure 5.22. Chlorideinduced corrosion damage observed in the Lesner Bridge girdel
27 years of service. The repaired area underwent physical chipping to remove the dete
concrete

The next significant milestone occurs when the cracks reach the bottom face of the
specimen, which is crucial in estimating the extent of corrosion damage in the corner region.
As the width of the cracks continues to widen, the concrete in thesgoaal corner region

gradually loses its tension capacity, eventually leading to spalling in that rEggare 5.23(a)
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presents the contour fill for principal strain, illustrating that the tip of the crack on the bottom
has only just touched the surface. This is further corroboratétgure 5.23(c), where the
moisture content at the bottom surface is higher than that of other regions. The cracks
propagating in the side direction have also widened, allowing momtwrehloride to easily

intrude into the concrete.

(a) Maximum principal strair (b) Total chloride ) Relative humidity

Figure 5.23. Impact of the corrosion on the Lesner bridge giat&®5 years of age

Moving forward in the analysis of the girder, the next significant stage is the end of its
service life.The analyses shown Figure 5.24, indicate that large crack widths have formed
on the bottom corners and sides, which corresponds to sp&llavgever, it is important to
mention that our analysis does not account for elemamoval due to the limitations of our
model. As a result, we cannot observe deterioratiospalling These results align with the
experimental observations depictedrigure 5.1. Specifically, the analysis effectively captures
the cracking and deterioration of the concrete on the botfogure 5.1(b)] and side faces

[Figure 5.1(c) andFigure 5.1(d)].
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(a) Maximum principal strair (b) Total chloride c) Relativehumidity

Figure 5.24. Impact of the corrosion on the Lesner bridge giedehe end of the service lifi

The following section discusses the results of the analyses conducted on the Aden Road
Bridge girderFigure 5.25 depicts the progress of corrosiafter ten yearsThe contour fill for
principal strain shows the presence of cracking in the concrete near the shear key region, which
can be attributed to the inadequate cover for the strand in that area. The widening of the cracks
in this region acceleradehe intrusiorof chloride, as illustrated iRigure 5.25(b) andalso the
transport of the moisture as shoimrthe contour fill for relative humidity ifigure 5.25(c).

At this age, there were no observed indications of cracking in the lower region of the

girder.

Max. Prin. Strain Total Chloridg(%) y Relative Humidit
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(a) Maximum principal strair (b) Total chloride c¢) Relative humidity

Figure 5.25. Impact of the corrosion on thden Roadoridgegirderat 10 years of age

At the age of 16.5 years, the analysis of the girder reached a significant milestone with

the emergence of microcracks on its side surface. These cracks were similar in appearance
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those observed on the Lesner Bridge girder, as depickgure 5.20. This particular moment
marks the timeo-first cracking for the girder under examination

A critical milestone in the analysis of this girder was reached at 23 years of age, when
cracks appared on the bottom face of the girder. These cracks were observed to have formed
in two distinct locations, as illustrated liigure 5.26(a). At this stage, the widtof the cracks
on the side of the girder had increased, which consequently had a detrimental effect on the
intrusion of chloride into the specimen, as depicteBigure 5.26(b). Similarly, the moisture

transport was affected, as showrFigure 5.26(c).

Max. Prin. Strain A Total Chloridg%) Relative Humidit
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(a) Maximum principal strair (b) Total chloride c) Relativehumidity

Figure 5.26. Impact of the corrosion on the Aden Road bridge giadl@B years of age

The next significant milestone in the analysis of the girder corresponds to reaching the
end of itsservice life At this point, the formation of new crackeganand the width of existing
cracks continued to increase.€Tadditional mechanical damage had a significant impact on
the intrusion of chloride and moisture in the specimen, as demonstrétigmiia 5.27(b) and
Figure 5.27(c) atthe end of service lifeThe bridge has formed many cracks in the sides and
bottom face, which is in close agreement with the experimental observations, shogurén
5.2. Figure 5.2(b) provides a side view of the specimen, revealing corrosion of the strands near
the shear key regions, which was accurately captured by the analyses. The formation of

chloride-induced corrosion damage on the bottom fdeigyre 5.2(c)], side face Figure
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5.2(d)], and the deterioration of the concrete near the «®estonal corner regiorFgure

5.2(a)] are effectivelycaptured bythe analysis results.

Max. Prin. Strain Total Chloridg(%) Relative Humidi

| | | |
0.000.02 0.04 0.06 0.08 0.10 [ 0.00 0.17 0.34 0.52 0.69 0.86 * 0.600.65 0.70 0.75 080 0.85

(a) Maximum principal strair (b) Total chloride ) Relative humidity
Figure 5.27. Impact of the corrosion on the Aden Road bridge giedéine end of service

life.

5.6 Discussion

The proposedsimulationapproactas been shown to be highly effective in capturing
experimental behavior of concrete specimens, as wetlakife bridge girders.

An importantcontribution of this research is the comparison of a refined Multiphysics
approach with acase that neglects mechanical damage or cracking. The time evolution of
chloride for two strands, one in the vicinity and another away from the-sectisnal corner
region, for two girders, is illustrated Fgure 5.28 (AliasgharMamaghani et al., 2023Jhese
analyses were complemented by the results obtained from a-ftwsedolution discussed in
the FIB model codéFIB, 2013) Based on the refineahnalyses, the timw-first cracking for
strands near and away from the cresstional corner region of the Lesner bridge girder is
estimated to be 14.5 and 35 years, respectively. In contrast, the coupled analysis without
considering electrochemical r¢imns and mechanical damage showed that the rate of corrosion
significantly increased at ages of 18.5 and 31.5 years for strands near and away from the corner

region, respectively.
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It should be emphasized that corrosion is not a discrete physical phenomenon that is
initiated by a switch; rather, it is a process that is always ongoing, with the presence of chloride
exacerbating the condition. The two hkedfils inducing corrosion atieon and oxygen, which
always exist. Therefore, while the tetimeto-corrosion may not reflect the reality of the
situation, the termime-to-first crackingis a more accurate representatibhe analysis results
for the Aden bridge girder indicate a #to-first cracking of 16.5 and 28years, respectively,
when considering chermamechanical behavior. In contrast, the analysis results without
considering chemmechanical behavior predicted a time to significant corrosion reaction rate
of 18 and 27 yearsespectively.

Additionally, results from the simplified FIB model code are provided, which differ
significantly from both the refined model and experimental observations. These findings
emphasize the importance of considering cheneahanical behavior iaccurately predicting
the behavior of concrete structures over time. Furthermore, they highlight the limitations of

simplified models in capturing the complex behavior of-veatld structures.
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Figure 5.28. Comparison of analyticahodel without considering chermechanical
behaviorwith the simplified approach in the FIB code.

The analysis resultpertaining to the scenarios where the influence of cracking is

disregarded are of paramount importance in comprehending the necessity of coupled analysis
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(while accounting for electrochemical reactiofr) this regard, a comparative evaluation is
conductedn thecrosssectionabrealoss of prestressing wires between cases with and without
cracking.Figure 5.29 provides a close examination of the analyssltsconerning thecross
sectional corner region of the Lesner bridge girder agtidef its service lifeThe mechanical
damage in the concreteaused by the production of expansive corrosive prodoass
significantly impacted théngressof chloride into theconcrete medium, as evident from the

contour fills.

T

Total Chloridg%)
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-0.76
-0.51
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(a) With mechanical damag (b) Without mechanical damage
Figure 5.29. Impact of mechanical damage (cracking) in the chloride ingresssimer bridge
girder.

A thoughtprovoking comparison can be made regarding the @®stsonal area loss of
prestressing wiresFigure 5.30 presents a comparison dfie normalized area loss of
prestressing wire, taking into account the cracking effect in the analysis versus the analysis
without considering cracking. Remarkably, the analysis that neglected the cracking effect
significantly underestimated the area losthe steel by more than a factor of two at the end of
the service life. This graph effectively highlights the crucial role of mechanical damage in the
analysis and emphasizes the necessity of employing a comprehensive-higdroschemeo

mechanical moddb obtain a reliable estimate of the service life of bridge girders.
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Figure 5.30. Impact of crackingn the crosssectional area loss of prestressing wires.

5.7 Conclusions

This study presents a novel coupled thetmpdrochememechanical modeling
approach to accurately describe the intrusion of corrasiuncing chloride ions into the porous
network of concrete and subsequent mechanical damage. The proposed approach include
constitutive laws to capture the coupling between mechanical damage and ahnloistiee
transport. The finite element framework focuses on coupled heat transfer, moisture flow,
chloride transport, electrochemical oxidati@duction reaction, and mecheal damage, and
it has been calibrated with a large set of experimental data on prismatic and cyloutracate
specimens. Subsequently, the proposed scheme has been applied to two bridge girders taken
from two bridges in Virginia after 49 and 34 yeaof service. The analyses on concrete
specimens demonstrate the importance of coupling between various phenomena, particularly
advectiondiffusion, coupled withmechanical damage. Furthermore, the analyses of the girders
provide a reliable estimate of thexperimentally observed behavior of both the chleride
induced corrosion damage in prestressing steel material and the surrounding concrete. The

study also compares the proposed coupledtiphysics approach with a case that does not
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consider chemenechantal damage, highlighting the importance of cracking in the
propagation of damage strandsIn addition, the limitations of the simplified FIB model code

in estimating the service life of the girder are shown. These findings emphasize the importance
of considering chemanechanical behavior and coupling between various phenomena in

accurately predicting the behavior of concrete structures over tim
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Chapter 6
Uncertainty Quantification for Chloride -
Induced Corrosion Damage inConcrete Bridge

This Chapter investigates the impact of uncertainties associated with chloride ingress in
prestressed concrebeidge girdersThe mathematical description of advectivel aiffusive
chloride transport entails a dependence on quantities associated with the boundary conditions,
e.g., the surface chloride quantity, and with the constitution of the concrete material, e.g., the
moisture anahloride diffusivity parameter3.hes parameters are all characterized by aleatory
(inherent) uncertainty; accordingly, this uncertainty will propagate into various Quantities of
Interest (Qol), namely, the value of chloride content at given locations of the bridge section and
at given age alues, or the probabilitpf the corrosionat a particular age. The uncertainty
guantification study presented herein relies on theafled stochastic collocation approach,
selected for its neintrusive characteryhich renders it appropriate for casghahigh-fidelity

computational simulation schemes

6.1 Analysis methodology

Ouir first step in thighapteiis to develop a finite element approach that can accurately
account for the coupled heaoisturechloride transport and predict the concentration of
chloride at different depths. Once this is established, we will select the most influential model
parameters and assign specific values to obtain the desired quantities of interest.

To begin, we will provide a brief summary of the mathematical implementatioar

approach. Next, we will elaborate on our scheme for using the stochastic collocation approach,
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which can provide an accurate estimatéhefMonte Carlo simulation. Due to the complexity
of our model, traditional Monte Carlo simulation is not fbbkeibut we believe the stochastic

collocation approach will yield satisfactory results.

6.2 Description of the Girders

This study examines two decommissioned prestressed concrete bridge girders from
Virginia, selected as representative examples of commdgébdonstruction in the region. The
first specimen, extracted from the Lesner Bridge in Virginia Beach, had served for 49 years
before its decommissioning. It featured ashhped crossection, and its extraction process
involved carefully sawcutting theslab on either side of the girder to separate it from the rest
of the bridge structure. To evaluate the performance of these bridges, a chloride titration test
was conducted on the girder when it reached the age of 51, two years after the bridge's
demoliion. The second specimen, which had a{sextion geometry, was removed from the
Aden Road Bridge near Quantico, Virginia after 34 years of service. Following the demolition
process at the end of its service life, the girder was relocated to a sepatabe kaad tested at
40 years of age.

Figure 6.1 depicts the crossectional geometry of the two girders. ThseLtion girder
had a 51 mm thick concrete overlay, whereas the-s&eotion girder had a 38 mm asphalt

topping that was removed during the demolition process.

168



Chapter 6Uncertainty Quantification for Chlorideduced Corrosion Damage in Concrete Bridge

38+—
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(a) I-section girder (b) Box-section girder
Figure 6.1. Crosssectional geometry of girders (dimensions in mn

Both girders exhibited significant corrosion damage, which was particularly pronounced
in the strands situated near the lower corners of their seclibisextensive corrosion led to
concrete cracking and complete loss of cover in these areas.

Figure 6.2 presents an overview of the girders' condition towards the end of their

service life, along with damage maps that illustrate the extent of deterioration across the cross

sections of both girets.
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Figure 6.2. Corrosioninducedcorrosiondamagen prestressed concrete bridge girders
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6.3 Multiphysics Mathematical Model

The mathematical model corresponds to a bridge givd@ch constituteghe domain
q of the physicalprocesses affecting the intrusion of chloride in concrétee model
incorporates three distinct physical processes: heat transfer, moisture transport, and chloride
transport through both advection and diffusmechanismsThe boundary conditions involve
the flow of heat, moisture, and chlorine across the surfiaddne following sections provide a

detailed account of the differential equations that govern the kinetics of each physical process.

6.3.1Equations forHeat Transfer

The conservation of energy principle governs the differential equation for heat transfer,

which is expressed by the following law.

Ko o 4gp 0 (6.1)
it
whereT, } andc representemperature (K), density (kgAnand specific heat capacity of the
material [ J/ ( Kigehda)fliix,vectorg srgpresent thevaenbuyt of heat through

a given surface are@V/m?). This vector fieldcan beobtained from Fourier's law, which

describes the relationship between heat flux and temperature gradient in a material
G =% P (6.2)
wherek, represents ththermal conductivityof the materia[ W/ ( nmeAd®T ]denotes the

temperaturgradient
The mathematical description of the boundary conditions for heat transfer includes both

heatconvection and solar radiatiogiven by:

Gren=b(T -T) & (6.3
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In this context,n representghe unit normal outward vectprb, is a surface heat transfer

coefficient [W/(ntA)], and the last term correspontdsthe amount of heat added per unit
surface area due to solar radiatigxliasgharMamaghani et al., 2023yhich is given by

q. = al. Here,arepresents surface absorptivity factand! is thesolar irradiance (W/A).

6.3.2Equations for Moisture Transport

The governing differential equation for moisture transport is derived by applying the

principle of conservation of masshich is mathematically given by:

e LI N 6.4
kd:l: i 0 (64)

The first term identifiethe moisture capacityk = f wyi, h representghe field relative
humidity, we representhe evaporable moisture content, ahe moisture flux vector is given
by j_ = -qurE. Here,Dm is themoisturediffusionc o e f f i ci ent [Pkigthgd mAs ) ]
gradient ofthe field function In concrete, there arsvo primary types of moisture content:
chemically bound water and evaporable moisture content. Chemically bound water is held
within the calcium silicate hydrate {&H) layers and can undergo significant fluctuations
under extreme conditions, as demaoaistd in previousresearthBa gant and. A3ir 8s ek
such,in this study, we have exclusivegmployedevaporable water content as a measure of
moisture fluctuations within the porous network of thacrete.

The relationship between evaporable water contedt rahative humidity can be
characterized by the sorption isotherm, which exhibits a distinctive shape depending on whether
the process involves absorption (wetting) or desorption (drying). Accordingly, this study

utilizes the following equation to descritiee sorption isotherrfiVan Genuchten, 1980)
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w,=w, & bin h* g (6.5)

wherewe (kg/mP) representshe maximum evaporable moisture content bd areconstant
model parameterslThe constitutive law describing the moisture diffusion coefficient is in

accordance withamodell/a gant an®): Naj jar (19

e 1
D = . (6.6)
m Clgu" 1+[@ h)/@ R’

whereci[ k g/ ( mAs) ] i's the per meah)iahdihd ryandactaref ul |
constanimodel parameters.
The following formulationcorresponds to the mathematical model used to describe

moisture convection across the boundary
jei=dn hin ) 6.7)

whered is a constant moisture emissivity coefficient [kgA)].

6.3.3Equations for Chloride Transport

The differential equation that governs chloride transport is derived from the principle of
mass conservatioand is given by the following equatigiaekawa eal., 2003; Maekawa,

2008)
Bl ©) +ipo 9
Mt

whereC; is the concentration of free chloride (mol/mB)represents the porosity aBds the

saturation degred he chloride flux vector is the combination of two contributions: diffusion

and advection, which are driven by the concentration graéiént, and the velocity of

moisture flow v, respectivelyThe following law describes the flux term:
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=7 PDOCOPS ¥ (6.9)
The chloride diffusion coefficient is influenced by the temperature and is determined

from the following equation:

’

Ch aniud1l 1€
D, =D, &pgﬁéﬁg Tt (6.10)

whereDo is areferenceehloride diffusioncoefficient (n¥/s), Q, is the activation energy (J/mol),

Ris the universal gas constant, equal to 8.3145 JKindl e is a reference temperature equal
to 293.15 K (26C), andT is the absolutéemperature

The total chloride contentC() in concreteis composedof two componentsfree
chloride, which can move freely within the porous network, and bound chloride, which is bound
to the pore walls. The total chloride content can be mathematieaiyessed using the

following relationship
C =C, +G (6.11)
The relationship between bouadd freechlorideis mathematically described using the

following equation(AliasgharMamaghani et al., 2023)

Cyoy =15(Cy) (6.12)

b(m)
whereCypm)andCsm)are the concentration of free and bowhtbride in percerigeof cement
mass.The mass convection across the boundary surface is taken into account through the
boundary condition, which can be expressed as

Josfi=5,(C, -C,) (6.13)

whereby is a surface chloride transport coefficient, &agdbis the concentration of chloride in

the ambient environment
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6.4 Quantification of Uncertainty Propagation

As highlighted previously, the objective of the computatioisalto predict two
Quantities of Interest (Qol)n the interiorbody of the girders. Specifically, these @aire the
chloride content angrobability of corrosionThe latter is associated with the quantity of the
chloride thaiexceeds threshold value, also known@s.

The valueof several model parameteffectingthe intrusion othechloridein concrete
bridge girdersis governed by uncertaintylhis uncertainty extends to various boundary
guantities, as well as model parameters within the constitutive law abtierete material.

This study adopts the surface chloride content, chloride diffusion coefficient, moisture diffusion
coefficient, and critical chloride as key model parameters affecting the uncertainty of echloride
induced corrosion damagk.is thus impetant to quantitatively evaluate the propagation of
uncertainty to th&ol. Among several approaches in the literat{8mith, 20B), the present

study rely on Stochastic Spectral Methods (SSM), which establish spectral expansions (also
called polynomial chaos expansions) to represent stochastic prodesseger to comprehend

the nature othese methods stochastic proceds definedwith the purpose of evaluating a

scalar fieldvalue, F (x,t,{@) , which is also dependenh a set of randomalued parameters
{Q}.
K
Fixt{Q®) =a( Kx)} Q@) (6.14)
k=1

whereY ,,k=1,2,3, »,K,is asetof predefined polynomial functions in the parametric space
andF , (x,t) is the timedependent field term associated with kiigolynomial. EachF , (x,1)

is calculated through a finite element (piecewise) discretization in space andby-step

discretization in timgin accordance with thgeneralized trapezoidal rule
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The use of spectral expansions gives rise to the Stockzaleckin method, which in
turn is the basis for the stochastic finite element anaf$sisth, 2013) A practical difficulty
of the Stochastic Galerkin method is that the integration in the physical and parametric spaces
is coupled. This would lead to a-salled intrusive computational algthmm, in the sense that
integration inphysicalspace cannot be decoupled from integration in the parametric space. This
would require substantial modification of tHmite element schemewhich is deemed
undesirable. The present study will rely on thibooation method, which is also a type of SSM
and enables the decoupling of the parametric and physical domain integrations during numerical
computation. Several decisiowgrereached before applying the SSMis postulated that the
distinct model pamaeters are mutually independent and have a normal distribWidimn the
scope of this studyg truncated normal distribution is assigned to each model paraifieger.
parameters for thé&runcatednormal distribution are established through a review airpr
literature(Vassie, 1984; Weyers etal., 1994cN6ee, 1999; Maekawa, 2008;
and Jirdsek, 2018; Aliasghktamaghani et al., 2023)This assumption facilitateshe

calculation of the joint probability density functiofithe different model parametersQ(q) .

The range of model parameters for chloride diffusion coefficimoisture diffusion
coefficient, and critical chloridare identical in both girders. In particular, the minimum and
maximum valus for chloride diffusion coefficientvere assigned to a valoé 10 m%s and
10m?/s, respectivelMcGee, 1999) The corresponding values ftre moisture diffusion
coefficiens were 5.80-10° kg/m.s and8.33-10° kg/m.s respectively(FIB, 2013; Aliasghar

Mamaghani et al., 2023as shown irfrigure 6.3.
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The minimum value fothe critical cHoride corresponds to 9% (of cement mass$pr
both specimens, while the maximuralue of the critical chloride were assign@85% and
1.3% (of cement mass) fepecimens exposed to deicing salts and saltwater spray, respectively.
These values led to the selection of the mean valu€a8%. and 06% (of cement mass) for
specimens exposed to deicing salts and saltwater spray, respdéthadgharMamaghanet
al., 2023) These values are consistent with the values reported in the litefdasse, 1984,
Maekawa et al., 2003; FIB, 2013jhe source bsurface chloride was different for the two
girders. As such, the minimum and maximum surface chloride for the Lesner bridge girder,
which was exposed to saltwater spray, were assigned val@e2lokg/nt and 12.83 kg/nt
(McGee, 1999)However, for the Aden bridge girder, which was exposed to deicing salts, the
minimum and maximum surface chloride values were assigr@&a4dg/nt, and3.364 kg/n,
respectively(Weyers et al., 1994)

Considering the influential parameters mentioned above, a total of six intervals per
parameter were taken into accourttis led to a total of 216 analyskes each girder, resulting

in 432 analyses in total. The computationiahe for each analysis varied based on its
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complexity. Leveraging the power of 128U cores, the typical duration for each analysis was

approximately 12 hours, accumulating to over 660,000-totes of runtime.

6.5 Algorithmic Implementation of Spectral Collocation Approach

The Stochastic Collocation (SC) approach provides amtoumsive solution for solving
problems involving two sets of spaces: the physical space and the parametric space. In this
approach, a set of collocation points is generated frompatemnetric space using deterministic
or stochastic methods

The SC method relies on evaluating the governing differential equations at these discrete
collocation points to obtain the solution. The discrete projections of the solution involve
approximatingthe solution using integration techniques. By solving the resulting system of
equations, which arises from evaluating the differential equations at the collocation points, the
solution can be computed for the given set of parameters.

The spectral collocain was implemented asn ndimensional trapezoidal rule of
integration in the parametric spad#e collocation points were used as quadrature points in
the trapezoidal ruleésiven the quantity of intere3t, thatcan be the concentration of a species
at aspecific location, at a specific time instanthe computational analysiand the values of

the probability density funai, 7, , and the weight coefficiendf for each poinf in the n

dimensional parametric spatlke expected value of Y is given by:

E[Y] = %[gj\q (6.15)

where s j is:

& = S (6.16)
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wheres; = ¢, W, . Itis worth mentioning thahe purpose oéquation(6.16) is to regularize

J
the parametes ; andensure the following condition is met:
M
as; =10 (6.17)
j=1
The probability of corrosion can be attained by incorporating the impact of critical

chloride in the analyses. The mathematical description of corrosion probability at a given time

can be obtained from tHellowing equation:

p(Tet) A gp(G &)1 Rea(G)) W@ ARl Eut L) V(618

whereN is the number of collocations point for critical chloride, d&rds the cumulative

distribution of chloride.

6.6 Results

The analysis results for the Lesner bridge girder are presented first, followed by the
results for the Aden Road bridge girdergure 6.4(a) showsthe time histaes of the total
chloride as well aghe expectedalueand the 2"¥ and 78" percentiledor a strand situated
away from the crossectional corner region. An important aspect to consider in the anaflysis
such specimens is the time at which the chloride concentration surpasses the critical value, as
this can lead to a significant increase in the corrosion rate. Although this quantity can be
obtained from a probabilistic standpoint by incorporating tiitecal chloride content in the
analysis(and the evaluation of corrosion probabiljtit)is of interest to compare thiereshold
value with the overall time history. Depending on the climatic conditions and whtleshold

value of 0.60%AliasgharMamaghani et al., 2023he timeto-first occurrence of significant
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corrosion ratefor some bridgeghistories shown in graynay be less than five years. The
expected equivalent value is approximately 16 years, and there may be some bridges that are
free from corrosion. The corresponding analysis results for a strand located in the vicinity of
the crosssectional corner are deped inFigure 6.4(b). As expected, the distribution of total
chloride for this particular strand is larger than the previous one. By considering a similar
concept fo thethreshold valugthe timeto-first occurrence of significant corrosion ratethis

particular strand is even shorter.
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Figure 6.4. Stochasticemporal evolution ofhloride for two strands at different locations

Lesner bridge girder {3ection girder)

Figure 6.5(a) illustrates the time histories of chloride for a strand located away from the
crosssectional corner region in the Aden Road bridge girder. As the source of the chloride was
deicing saltthe concentration in this specimeasrelatively low. Assuming #éresholdvalue
of 0.22% for this bridge type, the timra®-first occurrence of significant corrosion rdte this
strand, similar to the Lesner bridge girder, may vary significakttyure 6.5(b) displays the

time history of the chloride concentration for a strand situated in the vicinity of the cross
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sectional corner region. As expected, the distraoubf the time histories and expected value

is higher for this specimen due to the strand's location in the corner region.
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Figure 6.5. Stochasticemporal evolution of chloridir two strands at different locations

Aden Roadoridge girder Box-section girder)

The analytical results yield valuable insights into the cumulative distribution of chloride
content.Figure 6.6 (a), demonstrateshe cumulative distribution functio(CDF) at various
time intervals throughout the Lesner bridge girder's service life. Notably, assuming a threshold
value of 0.6%, the CDF attains 99%iter five yearswhile the corresponding value after 49
years is 10%The analysigesultsfor a strandnearthe crosssectional corner region reveal
lower valueswhich is related to thepecific exposure conditions of that strand the corner

regions
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The cumulative distribution of the total chloride for a strawhy from thecross
sectional corner region in the Aden bridge girder is illustratdeigare 6.7(a). It is observed
that for a chloride concentration 02@%, the CDF reaches unity after five years, with varying
values observedt other timesAdditionally, the CDF of total chloride content for a strand
located away from the crosgctional corner region is depictedRigure 6.7(b). The CDFs
covera broaler spectrum of chloride concentrations, with lowadues obtained for a particular

total chloride contenwhich suggests a higher probability for corrosion.
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Figure 6.7. Cumulative distributiorof chloridefor strands at different locations tine Aden
Roadbridge girder(Box-section girder)
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A noteworthy inquiry concerns the precision of the stochastic collocation approach and
its comparison with the results of Monte Carlo simulatiéigure 6.8 presentghe expected

chloride valuegor mean/m) derived from Monte Carlo simulations for strands positioned at

different locations withinthe Lesner bridge girdeduring its service life As observed, the
stochastic collocation approackels a reliable estimation that corroborates the accuracy of
our methodology versus Monte Carlo simulation. Particularly, the expected chloride values
obtained through the Stochastic Collocation approach closely approximate those obtained via

Monte Carlosimulation.
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Figure 6.8. Expected chloride contendbtained from the Monte Carlo simulation a
Stochastic Collocation approafdr strands at different locations in Lesner bridge girde
section girder)

Within the same context, trexpectedchloride content for the Aden bridge girder is

visually pregnted inFigure 6.9.
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Figure 6.9. Expected chloride conterdbtained from the Monte Carlo simulation a
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The subsequerstride in verifying the effectiveness of the Stochastic Collocd&@)
approach involves comparing the standard devigtiopand its correspondence with Monte
Carlo(MC) results. In this regardkigure 6.10 presents the standard deviation of the expected
chloride content for distinct strands within the Lesner bridge girder throughout the bridge's
service life. Notably, the outcomesbtained from the SC analysis consistently exhibit a
remarkable resemblance to those derived from MC analysis. This proximity between the SC

and MC results reinforces the robustness and accuracy of the SC approach.
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Proceeding in a similar veirkigure 6.11 portrays the standard deviation of strands
located at different positions within the Aden bridge girder throughout its servickdidén, a
comparison between tl&C andMC analyses substantiates the accuracy and effectiveness of
the SC method. The SC results exhibit a notable agreement with the corresponding outcomes

obtained through MC, affirming the reliability and robustness oStBeapproach.

184



Chapter 6Uncertainty Quantification for Chlorideduced Corrosion Damage in Concrete Bridge

Il Monte Carlo Il Stochastic Collocation N Monte Carlo Il Stochastic Collocation

o (% of cement mass)
(=]
°
(o)}

o (% of cement mass)

0.02 1

0.00

5 10 15 20 25 30 34 5 10 15 20 25 30 34
Time (year) Time (year)
a) Strand away from the crosegctional b) Strand in the vicinity of the cross
corner region sectional corner region
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The probability of corrosion is the ultimate goal of this stuegure 6.12 presents the
probability of corrosion for strands located in the vicinity and away from the-sexs®nal
corner region in two different bridge girders. As anticipated, the probabilitprobsion for
strands in the vicinity of the crosgctional corner region is higher than for strands located
away from this region in both girders. The probability of corrosion for the Lesner bridge girder
(shown inFigure 6.12a) s in close agreement with the experimental observations presented in
Figure 6.2d, where signs of awosion were observed for both strands in the vicinity of and
away from the corner regioAlong the same lineghe probability of corrosion for the Aden
Road bridge girder (shown Figure 6.12b) is consistent witkexperimental observations shown

in Figure 6.2b.
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Figure 6.12. Probability of corrosion for strandsearand away from the crossectional
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6.7 Conclusions

This studyinvestigatd the impact of uncertainties associated with chloride ingress in
prestressed concrete bridge girdéns uncertainty quantification study using a nughysics
scheme is conducted for two quantities of intereatnely the chloride content of strands at
different locationsandprobability of corrosionThe study focused dwo prestressed concrete
bridge girders that have been in service for 34 and 49 .y€hesfinite element framework
employs a nonlinear Multiphysics scheme that accounts for coupledroéstiure, and chloride
transport, making it a robust and accurate analysis tool. Four influential model parameters,
including moisture and chloride diffusion coefficient, surface chloride, and critical chloride, are
considered for the analysis, with eaghrameter divided into six intervals to account for
variability. The stochastic collocation approach is used in the analysis to obtain the expected
value of chloride for each time interval during the service life of the girders. The analytical

modelwas bundsuccessful in capturing the expected value of chloride for strands situated in
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both the vicinity and away from the cressctional corner region. Additionally, the model
provides valuable insights into the cumulative distribution of chloride at gptie intervals,

which is a critical parameter in assessing the probability of corrosionteSh#sfrom CDF

reveal that the probability of corrosion is high for bridges after 20 years of service, with the
CDFs for both bridges located in or away fréine coastal zone showing a similar level of
congestion at that time intervdverall, the computational framework and analysis provide
essential information for bridge engineers to assess the risk of corrosion in bridge girders and

develop appropriate maienance and repair plans.
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Chapter 7
Conclusions and Recommendations for Future
Research

This chapter provides a summary of the main contributions presented in this
dissertation, together with pertinent conclusions reached. The chapter is completed through a

series of suggestions for future research, building on the findings of the present study.

7.1 Summary and Conclusions

A computational framework was proposed to provide a quantitative assessment of the
impact of corrosion on the capacity of eight prestressecretnbridge girders that underwent
experimental testing. Two types of nonlinear models were utilized in the analysis: beam models
with a fiber sectional law and truss models, with the latter approach being used for shear failure
analyses. These models warombined with uniaxial stressrain laws for concrete and steel,
as well as a procedure to incorporate the influence of visually observed corrosion damage on
the resistance of a girder section.

The analytical models utilized were capable amfcurately reproducing the load
displacement response and failure modes for the prestressed concrete bridge girders. Additional
analyses facilitated the determination of the significant impact of corrosion on the flexural
capacity of several girders thasplayed visible corrosion damage. The use of the flexural
strength equations in the AASHTO code provided satisfactory estimates of the peak capacity
when accounting for corrosion section loss. However, it overestimated the strength of a

significantly damged girder with a box section. A crucial consideration for-goders is the
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potential for trapped water in the hollow space, which may exacerbate strand degradation. A
conservative approach for evaluating the flexural capacity of such girders is tcasgpbil
reduction to the area of all strands located below the level of the potentially trapped water.
Corrosion damage to the longitudinal strands at the bottom of the section had minimal impact
on the shear strength, but it significantly affected tHerdeability of a girder that failed in
shear.

This dissertation alsintroduced a computational simulation framework to describe
chloride ingress in prestressed concrete bridge girders. The framework employed a finite
element formulation that considereeaht transfer, moisture flow, and chloride transport.
Material test data from literature were utilized to calibrate the framework, and data from
chloride measurements conducted on two prestressed girders, exhibiting cernrdsoad
damage and removed frotwo bridges in Virginia, were employed for validation purposes.
Further analysis demonstrated the significance of advective chloride transport entailed by
moisture flow, as neglecting this mechanism resulted in a significant underestimation of the
chloride content. The analysis satisfactorily reproduced the experimentally measured chloride
content distributions with depth, accounting for the storage of the girders away from the bridges
before testing. The comparison of the chloride content with the respaxitical value
estimates indicated that corrosion damage was expected for both girders, especially for strands
in the vicinity of the sectional corners, which is consistent with the actual corrosion damage
observed. The simplified, desigmiented equizonsin the FIB code to determine the evolution
of chloride ingresgenerally underestimated the chloride content, implying that these equations
may not provide conservative results when evaluating the likelihood of corrosion and the

anticipated corrosiomitiation time for a bridge girder.
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The third part of this dissertation presents a novel approach for accurately modeling the
intrusion of corrosiofAinducing chloride ions into concrete and the subsequent mechanical
damage. The proposegproach involveMultiphysics descriptionsf heat transfer, moisture
flow, chloride transport, electrochemical reactions and mechanical damageorforates
constitutive lawgor concretehat capture the coupling betwesackingand chloridemoisture
transport.The Multiphysics schemeavas calibrated with a large set of experimental data on
prismatic and cylindrical specimens, and subsequently applied to two bridge girders taken from
Virginia after 49 and 34 years of service.

The analyses on concrete specimens detraigd the importance of coupling between
various phenomena, particularly advectdiffusion coupled with mechanical damage.
Furthermore, the analyses of the girders provided reliable estimates of the experimentally
observed behavior of both the chloriteluced corrosion damage in prestressing steel material
and the surrounding concrete. The study also compared the proposed coupled Multiphysics
approach with a case that did not consider chemohanical damage, highlighting the
importance of cracking inhe propagation of damage. Additionally, the limitations of the
simplified FIB model code in estimating the service life of the girder were shown. These
findings emphasize the significance of considering cheraochanical couplinfpr accurately
predicting he performance and durabilityf concrete structuse

The last part of this dissertati@quantifies the uncertainty governing two significant
guantities, namelythe chloride conterttmporal evolutiorand thecorrosion initiation time for
strands locatedt critical locations of a girder sectidrhe quantification is conducted by means
of a stochastic collocation approach, using the modeling scheme described in Chapter 4.

Uncertainty was assumed to be the result of propagated aleatory uncertaintiesigdoarn
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input model parameters.e. themoisture and chloride diffusion coefficisnsurface chloride,
and critical chloride. Theuncertainty quantification studyeveals a high probability of
corrosion occurring after 20 years of service. Theults of this study provide critical
information for bridge engineers to assess the risk of corrosion in bridge girders and develop

appropriate maintenance and repair plans.

7.2 Major Contributions

The present study has provided tbikowing contributions:

1 A conceptually simple, computationally efficient and accusateulationframeworkfor
guantitatively assessirtge impact ofvisually observeaorrosiondamageon the capacity
of prestressed concrete bridge girders.

1 Evaluation of the accuracy of desigriented equations, based on the AASHTO
specification, for calculating the residual flexural and shear strength of damaged girders

1 A Multiphysicscomputationalschemeo describe chloride ingress in prestressed concrete
bridge girdersaccounting for actu&limatic conditions in the vicinity of a bridge

1 Investigation of the significance afdvective chloride transport (affected by moisture
movement).

1 Evaluation of the capability of the design equations in the FIB code to provide accurate
estimates of thehloride content time histories at critical locations of prestressed girder
sections.

1 Mathematical formulation and computational implementation of a fully couglednt
hydro-chememechanicalmode| accounting for the occurrence of corrosiaduced

cracking and the impact of cracks on the chloride ingress mechanisms
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1 Phenomenological laws accounting for the electrochemical corrosion reaction kinetics, the
formation of corrosion products and the volumetric expansion associated with these
products.

1 Quantfication of impact of cracking on the chloride content evolution at the locations of
prestressing strands.

1 Quantification of uncertainty governing decision variables for the maintenance of bridges,

such as the corrosion initiation time and the chlorideasgrevolution.

7.3 Recommendations for future research

1 The proposed algorithm has demonstrated its effectiveness in estimating the shear and
flexural capacity of bridges in a specific region. To further validate its applicability, it
is recommended to applhe algorithmto bridges inother regions and assess its
performance. Specifically, investigating the impact of corrosion on the ultimate shear
strength of bridges would be valuable. Furthermore, the algorithm's ability to accurately
predict the shear stngth of prestressed concrete girders with significant visual damage
in shear reinforcement is of interest and can be explored further. These investigations
can provide insights into the algorithm's robustness and its potential for wider
application

1 Invesigation of performance for bridges located in other states (e.g., Texas, Florida,
California), to see impact of different climate conditions on anticipated durability.

9 Account for impact of extreme climatic events.

1 Account for impact oimechanical damage due to other factors (e.g., traffic, natural

hazards such as earthquakes)
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1 Extend investigation to building structures.

1 Account for other potentially important factors which may impact durability, e.g.,
carbonization, alkalsilica reacton (if applicable).

1 Investigate efficient sampling/quadrature approaches to be used in conjunction with
stochastic collocation method. These approaches may allow finer discretization in
parametric space, while also circumventing theated curse of dimesionality (i.e.,
the huge increase in the number of runs required if we increase the number of intervals

and we are considering the variability of many parameters).
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Appendix A.
Computation of Solar Irradiance for Solar
Radiation

This section providea comprehensive overvieof the solar irradiance, which can be

developed in the following form:

| =1 _cosd (A1)
whered is the incidence angle showing the angle between sun rays and the normal to the
surface, andn is the solar energy on the earth surfé@€ehlbeck, 1975)The value of casis

obtained from the following equation.

cosd = sin Usin _(icos -bsin co sin co®+ cas cos U cos:
o 3 S Cob cos cps f cos (A.2)
+ cosl sin b‘ sin fos cos + dos sind sinbsin 2 U

wheredyg is the geographic latitude,is the surface azimuth angle, i.e., the angle between the
projection of the normal to the surface and the local meridian, with zero due south, westward
positive,Uis thehour angle counting from noon and changid§ per hour, with positive and
negative signs for the morning and afternoon hours, respectivedythe surface inclination
angle, i.e., the angle between the plane of the surface and the horizontalisathé solar

declination, definedsa
d'=23.45sirg 360 284D)/ 36! (B.3)

whereD is the day of the year. The valuelpfs obtained as:

| =I_K.d (A.4)

n sC tr e
where the solar constahtis the rate of solar energy per unit time at all wavelengths incident

received on a surface nor mal t o(lgbah2012%Ky n 6 s
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is the tansmission factor, accounting for attenuation of solar radiationdarsdthe mean

distance of the earth from the sun, the value of which is estimated herein using the following

equation.
d, =1.000110+ 0.034221 c@& + 0.001280 Bi (A.5)
+0.000719 cosB + 0.000077 siB2
where
B=360(D -1y 36t (A.6)

The transmission factdfy in Equation (A. 4) can be obtained using the following
expression.

K, =0.9 Katu/sin [da+5 ) (A.7)

wherekais the ratio of the atmospheric pressure to that at sea level (assumed here to be equal
to 1),ty is the turbidity factor accounting for the air pollution and clouds,dand the solar
altitude.

The equations accounting for solar radiation require the calibration of two parameters,
namely,lsc andt,. The present study has udeg= 1353 W/nd andt, = 2, in accordance with
recommendations of NASBNASASRP-8005, 1971 and Dilger et al(1983) respectively.

The heat transfer due to solar radiation is applied in the analyses during the steps
corresponding to the presence of daylight, i.e. the part of a day between the sunritg time,
and the sunset tim&s For a given day in the year, the two valugdssare estimated herein

using the following equations.

t, =12 -gcos'( tari tanf) /3 1 (A.8)
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t =12 -lgcosl( tarii tang) E 1 (A.9)

The geographic latitude for the location of the Lesner bridgdiya$86.8529, while for

the Aden Road bridge it walg = 38.6415.
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Appendix B.
SUPG Stabilization for Finite Element Analysis
of Advection-Diffusion Problem

The SUPG technique adds the following term to the weak form for a linear element with

zerosource ternfDonea and Huerta, 2003)

i V1 @ tdvo T av (B.1)
WP

Accordingly, the coefficient arragKéf) should be updated by adding the following

term
[Ksure] = A [ﬁ]TIﬁV}f{ }'[§ av (B.2)
wWe
where
(=2 ®.3
vl
V=05 @ hO hv,N (B. 4)
Z = coth@, ) — (B.5)
p = @, (B. 6)
2D,
v, =V 6, (B.7)

whereh, is the element size arg] is the unit vector in the direction of parametric axis, P,,
is the Peclet number that quantifies the diffusion or advection dominated flow, alaxig.
Similar descriptions hold fob and h, along the/? -parametric axisFigure B. 1 compares the

profile of chloride based upon different approaches. For a relatively small Peclet number, or in

diffusion-dominated flow, the analysis could capture the exact solution even without SPUG
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stabilization technique. On the other hand, the SPUG stabilization is deemed necessary in
advectiondominated flow, as shaw Figure B. 1(b), where the perturbation induced by the

fluid velocity vector is well captured by the SPUG stabilization technique.
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Figure B. 1. Sensitivity of the analysis tifferent Peclet number
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Appendix C.
Mathematical Proof for Diameter L oss by
Corrosion Rate

This section aims to provide mathematical proof for equa®®®). To facilitate our
analysis, we will assume that each wire in a strand has a cylindrical shape, as illustrated in

Figure C. 1.

cor

Figure C. 1. Parameters specifying the geometnaafire

The rate of the mass loss can be defined by the following equation:
m=40d0O r ¢ (C.1)

wherel is the length of thevire, dcor is the diameter ofhe wire, f, is the mass losger unit
surface areperunittime, anddt a small time incremenif we take the crossectional geometry
of the wire into consideration, we caiso express the actual mass loss using the following
equation

m=I(A +dA 0 |- K (C.2)
whereA s the crosssectional area, ardA denoteghe infinitesimal variation in crossectional

area By combining equation§C. 1) and(C. 2), we obtain the following expression

da_ 04D
dt

(C.3)

:I' cor
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Using the chain rule of differentiation, we can write the following expression

dA_.d(d,) _ Od (C.4)
d(dcor) dt }s

the first term on the lefhand side, correspostb:

dA =E(—dco,2) Yﬁ =d, (C.5)
d(d,) dt 4 dd,) 2

Given equation$C. 4) and(C. 5), the rate of diameter loss can be expressed by the following

expression
d(dy) _ 2k, (C.6)
dt }s

If we consider a specific time instant, we can omitdtterm on the lethand side and the time

rate on the righhand sidewhichgives

da = m (C 7)

Writing this equation in the rate form givesetfollowing equationwhich is identical

to equation(5.32):
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Appendix D.
Mathematical Proof for I ncreasedVolume of
Corrosive M aterial

This section aims to present a mathematical proof for equéiid4) in a clear and
concise manner. To aid in our explanatiwe, copyFigure 5.4 hereinand name iFigure D.

1.

Figure D. 1. Parameters specifying the volumetric expansion of a wire

In this calculation, we will considerire of length 1.0 for simplicity. To begin, we
need to define the total area (or volume) of the strand after expansion. We can do so by using

the following definition

Iorrus2 = pcor2 + (RZ r-corz) e (D 1)
By removing the constant factor on either side of the equation, we can simplify it to the

following:

Mo =ary’ *

rus

C0T2(1 -@) (D ) 2)

The rate of mass loss has been previously defined in eq@®8n Therefore, we shall

proceed to reshape it in the following form:
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rcor2 = roz(l'g) (D 3)
We can derive the following expression by combining equat{fns2) and (D. 3)

together:

el =ade? 20 oL (D.4)

By taking the positive root ofws, we arrive at the following equation, which is

equivalent to equatiorb(33):

Mus :rO\ll *Q( é-l) (D 5)
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Appendix E.
Mathematical Solution for a Scalar Field
Problem: Heat Transfer

The first step in analyzing a scalar field problem is to validate the analysis methodology
by canparing it with an exact solution. This section provides an overview of the problem, an
exact solution, and an example to demonstrate the analysis process. While this section focuses
on a linear timedependent heat conduction problem, the methodology eaplied to other
fields as well

As discussed earliewe can obtain the governing differential equation for heat transfer
by applying the conservation of energy principle. For the purposes of this discussion, we will
focus on anedimensional, timelependent model

Moy oy M ki By o (E.1)
ut K xfl

To increase the simplicity of the notation, let us redefine our symbols as follows
T, Tiio (E.2)
Here, T is afunction of both space and time. To proceed, we will discretize the -Spaze
domain as follows
T(x0)=F(x GY (E.3)
Given this definition, it follows that F(x) is a function of space and G(t) is a function of

time. Based on this, we can proceed as follows

T=E D 09 ay (E.9
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Ti=PTO g iy (E.5)
X
Ti 4%(2)“) =F (X)i @D (E.6)

Given the above, equati¢i. 2) can be cadnto the following form:

Fi(y) - G(t)
F(xX) Dy G5(1)

(E.7)

now, we may posit that equatidi. 7) corresponds to a constant value, which we will denote
as-c2. With this assumption in place, we can transform the partial diffelegjismtion(PDE)
into two separate ordinary differential equati¢@®OE):.
Fi)+CF(XY 0 (E.8)
G()+c*D G(Y) D (E.9)
Let us consider a orgimensionabar, with a length of 1m, an initial condition o§=R0°C,

and azeroboundaryconditiors, as depictedh Figure E. 1:

L=1 (m)
e ————— )
TO,t)=0C T(x0=20C T@Lt)=0TC
Boundary Initial Boundary
Condition condition Condition

Figure E. 1. One dimensional bar sep

Considering the boundary conditionse tsolution to equatioft. 8), which is asecond

order homogeneouBDE, takesthe following form:

F(X) = Ahsin(”l—p X) (E.10)
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where cmp/1,andn= 1, 2 , Alongth& same lineshe solution to equatiofk. 9) is given

by:

G, (h=C, 6o (E.11)

Now we can find the solution to PO#oblem:

T(xh=F() &y W(x) B sinélﬁ X & %0 (E.12)

whereDnr=AnCs. Considering-ourierseries, we can obtain the coefficient from the following

equation:

D, = (A7} 1 (sin*yix €13

for the case dahis study, we can further translate equatignl13) in the following form:

40 40
D, :E[l -cosfw )] ;—p[l (-1 (E. 14)

Thesolution to the problem is given by the following equation:
T(x=4 D,sin("xe” > (E.19)
n=1
With the exact solution now established, we can proceed to compare the results of the
analysis with this solutionkFigure E. 2 displays a comparison between the &nélement
analysis, represented by dotted lines, and the exact solution. It can be observed that the finite
element analysis is capable of precisely capturing the transfer of heat in both space and time,

with a high degree of accuracy.
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Figure E. 2. Heat transfer in 1D bausing finite element analysis (dotted lines) and exac
solution

This section concludes by presenting a comparison between an analytical model for heat
conduction and experimental tests cortdd on concrete specimens. The experimental data
reported byBai et al. (2020were used to validate the analytical model. The experiment
involved he use of concrete cylinders, which were isolated on the sides and bottom. Depending
on the experiment type, the specimens were exposed to different heat sources on the top with
temperatures40 C and 60 C. Figure E. 3a provides a comparison between the analytical
model and the experimental data for adb¥ exposure period, whikggure E. 3b displays the

profile at day 10. The analysis accurately reproduces the experimental data with good precision.

—~ 55 — 70 1 T=60C Analysis

&E 50 - éﬂ 60 v énalysis t
~—~ ~—~ A Xperimen

o 45 - < \TS:6OC o 50 - Exgeriment

> J - >

§ 40 /TS—4OC § 40 <

o 35 - ] N

g’ 30 - Analysis g’ 30 - T.=40C

o Analysis o

= 25 - 2 Experiment ~ 20 1

20 e Experiment 10
0 2 4 6 8 10 12 0 50 100 150 200 250 300
Time (day) Depth (mm)

(a) Temperature evolutioaf temperature at (b) Temperature profile after ten days
X=63.5mm

Figure E. 3. Heat transfer in cylindrical specimen using experimental data reporBad et
al. (2020)

206



Appendix F. Prediction of Chloride Concrete Structurddsing Artificial Intelligence

Appendix F.
Prediction of Chloride in Concrete Structures
Using Machine Learning Algorithms

This appendipursues an alternative approach for predicting the content of chloride in
concrete bridge structures. Contrary to the main body of this dissertation, which pursued
mathematically rigorous, highdelity finite element models, this appendix pursues machine
learning (ML) algorithmsVarious ML algorithms, including linear regression (LR), least
absolute shrinkage and selection (Lasso), multilayer perceptron artificial neural network (MLP
ANN), support vector machine (SVM), Gaussian process regression (GiPlpnm forest
(RF), and voting regressor (VR), are employed to quantify the chloride ion content in reinforced
concrete structures. Multiple concrete mixture properties obtained from experimental tests in
the literature are considered as input featuresatberacy of each machine learner is evaluated
using different metrics, namely the coefficient of determinatiof), ([Rot mean square error
(RMSE), mean absolute error (MAE), and mean absolute percentage error (MAPE). The results
demonstrate that ML teclyques can effectively predict chloride content while investigating the
influence of key parameters such as concrete mixturdle intrusion of chloride in concrete

structures

Research Design and Method

This section presents an overview of the mathe@dicindations of various machine

learning algorithms
Machine L earning Algorithms
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Linear Regression (LR)
Linear Regression (LR) is a straightforward machine learning technique that establishes
a linear relationship between the response variable arutédector variable The LR model

can be expressed in the following form
N
You =Q WX e (F.1)
i=1

where y, ,denoteghe output,e representshe expected erromy. is the regression coefficient,
and x is the input. In order toptimizethe efficiency of equatio(F. 1) and minimize the error
between thepredictedoutput (y,,,) and theactualresult ¢), Mean Squared Error (MSE)

measure is deploye@he mathematical expression for MS&Egiven as:

MSE=<3 (4, -9 (F.2)

i=1

The above equation involvésnumber of data points in the dataJet estimate the parameters
in the Linear Regression (LR) model, three assumptions are typically retatestical
independence and identical distribution, Gaussian distribution of the errors, and stationarity of

the datgHaykin, 2009)
Least Absolute Shrinkageral Selection (Lasso)

Lasso is a regression technigue that overcomes some of the limitations associated with
ordinary least squares (OLS), such as prediction accuracy and interpretability. It achieves this
by setting some coefficients to zero and shrinking the others, eflgcteenbining the

strengths of ridge regression and subset selection mgfhibdhirani, 1996)The Lasso model
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can be represented in an equivalesgrangian form, which is developed as follglwgedman,
2017)

6
!

S-SR - U A W 3

b= = argmin
b

whereN andp arethe number of samples and features, respectiigie the last term on the
right-hand side is the iLlasso penalty, which enforces a constraint that makes the solution

nonlinear with respect to the input variable(Friedman, 2017)

Multilayer Perceptron Artificial Neural Network (MLRANN)

The MLP-ANN is a subclass of feedforward neural networks that is known for its strong
learning capabilities. The ANN model is designed to resemble the behavior of the human brain
through a set of organized principlgainet al., 1996) The architecture of an MLP includes
three major components: an input layer containing input variables, one or more hidden layers
to perform processing, and an output layer that contains the outcome. These layers are
interconnected by welged links(Duda and Hart, 1973 an MLP, each hidden unit computes
a net activation through the weighted sum of the inputhegerceptron. The net activation

can be expressed as follows:

J

neg=éxvyl S (F.4)

where the indicesandj refer to the input and hidden layers, is the synaptic weight

associated with the inptiv-hidden layerk is the number of hidden nodes, ards the input

signal.Each perceptron in a hidden layer of MBARIN uses an activation function to generate
an output. There afferent forms of activation functions such as threshold, piecewise linear,
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Gaussian, hyperbolic tangent, or sigmoid. The most commonly used activation function is the
sigmoid function, which has the following forf@uda and Hart, 1973; Jain et al., 1996; Haykin,

2009)

f (net) = “e% (F.5)

There are various algorithms available ti@ning MLPs, and among them, the back
propagation (BP) method is the most commonly used. The BP algorithm is a gohdieant
technique that involves two fundamental steps: forward pass and backward pass. The forward
pass computes the output and th@rassociated with that layer, whereas the backward pass

updates the synaptic weights based on the output ¢Haykin, 2009)

Support Vector Machine (SVM)

SVM is a binary learning machine method used in ML for both nonlinear regression and
patternclassification problem (Haykin, 2009) The SVM optimizes the regression problem
through an optimization scheme with robustness as the primary objective. In this approach, a
loss funt i o n, al s o -intemsivewuncti@nsis nainimiz&fHaykin, 2009) The first
step in SVM training is to increase the dimensionality of the inputs by mgb@m low to
high-dimension, which is achieved through the use of a nonlinear kernel function to transition
between spacd€larke et al., 2005)he secondtepin training is to find an objective function

[ fsum (X W)] with a maximum distance from the measured data.

foum (X, W) = an. WK(¥ +b (F.6)

i=1
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where K (x) is the kernel functions which increases the dimension of the input data.

Gaussian Process Regression (GPR)

A Gaussian process is a collection of rand@mables, any finite number of which have
a joint Gaussian distributiofRasmussen, 2003)he distribution function of a Gaussian

process can be expressed as foltows

F(X) ~ GP((M(X, K % X)) (F.7)
where GP is the Gaussian Process and the mean function is
m(x) = E[ f( 3] (F.8)
where & is the expectation function, and the covariance functigiven by:
k(x X)) =E[( f(¥ -nf )( TR 10 3] (F.9)

It is important to note that trewvariance function used in GPR is also referred to as the
kernel function, as it heavily impacts the outcome of GPR. Additionally, a mean function is
often used with a zero val{Rasmussen, 2003; Schulz et al., 2028suming a linear model

with Gaussian noisg¢he target value can be obtained in the following form:

y=1(x) 4 (F.10)
where the independent Gaussian noiggven by:

e~ N(, $) (F.11)

As previously mentioned, the kernel function is a crucial component in GPR prediction

as it determines the similarity between input data points. The choice of kernel function depends
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on the expected patterns of data and the desired level of smoothilessdntext of this study,
the radial basis function has been selected as the kernel fo{SBR&z et al., 2018 he radial

basis function is expressed as follows:

2 Jx-
K(X, Xi) = expe ~——— (F.12
ge 2l

where the hyperparameteis the length scale of the kernel.
Random Forest (RF)

Random Forest (RF) is an ensemble learmpagadigm used in ML that employs a
bagging (Bootstrap Aggregating) sampling technique and random feature selection to construct
a set of decision trees with controlled variat{@neiman, 2001; Fawagreh et al., 2018he
decision trees are built using bagging from the training set with replacement. Statistically, there
is a 64% chance of having a sample appear at least once in this process, which arebajled in
instances, Wile the remaining around 34% are called-ofisbag instance¢Fawagreh tal.,

2014) Each tree in the ensemble acts as a model, fitted to the bootstrapped samples, and the
final prediction is obtained by averaging the results. The mathematical relationship for RF

regression can be expressed(BEedman, 2017)

PP00=2AT(x F.13

Here, Q,denotes the-th decision tree in the random forest, anteBresents the total number

of trees grown in the ensemble.

Voting Regressor (VR)

212



Appendix F. Prediction of Chloride Concrete Structurddsing Artificial Intelligence

Voting Regresso(VR) is an ensemble ML technique that constructs the final prediction
by averaging the results of individual mod@edregosa et al., 201Tjhe termvoterefers to
the equal comibution of each standalone ML technique. However, in situations where the
results of some models are more reliable, weighted voting (i.e., weighted average) can be used

to assign more weight to those models.

Performance Measurement

This section aims tovaluate and compare the performance of different approaches

based on various statistical measures. The metrics considered for this analysis are the coefficient
of determinatior( R*), root mean square errdRjI1SH, mean absolute em¢MAE) and mean

absolute percentage errddAPB). These metrics can be defined as follows:

N N
é ()ﬂ - Xnean)z - a(xi X)Z
i 4

Rz (F.14)
a (X = Xpean)
i=1
el N 2 03
RMSE= o~ alx-¥ g (F.19
elN =1 u
MAE= L& [(x -¥) (F.16)
mapE=2005 |(X %)) (F.17)

N o X ‘
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whereN is the total number of data, and % are the real and predicted valueiBfdata, and
X..anlS the mean value of the actual out@®y.analyzing these measures, we can gain insight

into the effectiveness of the predictions

Dataset and Experiments

The research dataset comprises experimental data gathereddttphe source¢Sergi
etal., 1992; Maruya et al., 1998; Lupin@03; Samson and Marchand, 2007; Maekawa, 2008;
BarogheiBouny et al., 2009; Barogh@&ouny et al., 2014; Gang et al., 2015; Lu et al., 2015;
Alfailakawi et al., 2020; Chen and Razaqpur, 202Td)js study considers various input
parameters, with 14 input variables included, namely depth, ordinary Portland cement (OPC),
sulfateresisting Portland cement (SRPC), fly ash (FA), ground granulatedfintaate slag
(GGBS), silica fume (SF), superplaster, water, fine aggregate, coarse aggregate, sm@ter
binder ratio, exposure time, temperature, and surface chloride content.

To facilitate training and testing of the machine learning model, the dataset will be
divided into two distinct sets: the tning set and the testing set. The ratio of instances in the
training and testing sets will be 0.75 and 0.25, respectively. The experiment will follow five
major steps, including: (1) splitting the dataset into training and testing sets, (2) normalizing
the features by adjusting the mean and standard deviation to 0 and 1, respectively, (3) tuning
the hyperparameters using-fildd crossvalidation, (4) testing the model on the remaining data,
and (5) evaluating the performance of various machine learnimgitalps using different

statistical measures.

Results
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In this section, the results of 5 standalone machine learning models and 2 ensemble

methodss presented

LR Model

LR is the most basic machine learning algorithm discussed in this section, requiring
only a few tuning parameterSigure F. lapresents a comparison of the LR model's predictions
with the training data, whil€igure F. 1b shows the model's performance when tested on new
data. As can be observed, the LR model struggles to accurately predict the chloride content.
The model performs better on the test data than omaimeng data, as evidenced by the higher

coefficient of determination obtained for the former.
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Figure F. 1. Prediction of chloride contenin(% of cementnas$ usingLinear Regression
model

LassoRegressor

The tunning for Lasso was performed via paramgtarequation(F. 3) which accounts
for the contribution of the,, norm. Accordingly, the average score offbl crossvalidation
for different values of/ is meaured and compared. The best performance was obtained for
/ =0.0106, resulting in a mean crosalidation score of 0.6343\s illustrated inFigure F.
2, the Lasso regressor achieved low accuracy on the dataset. Overall, the performance of the

Lasso model was poor, similar to the LR model.
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Figure F. 2. Prediction of chloride contefiin % of cement massjsing Lasso model

MLP Regressor

The best performance of the MLP regressor was achieved through tuning multiple
hyperparameters using a craggdidation schemeTable F.1 presents the performance oéth
network based on different activation functions, including identity, logistic, hyperbolic tangent,
and rectified linear unit. The results show that the hyperbolic tangent function achieved the best

performance with an average score of 0.813.

Table F.1. Score of 1€fold crossvalidation for different activation function in MLP

Method  1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th  avg.
Tanh 0.812 0.788 0.827 0.757 0.776 0.871 0.880 0.840 0.723 0.861 0.813
Relu 0.790 0.763 0.839 0.729 0.770 0.854 0.850 0.817 0.678 0.884 0.798
Logistic 0.697 0.659 0.684 0.735 0.710 0.781 0.754 0.801 0.692 0.812 0.733
Identity 0.659 0.543 0.593 0.669 0.574 0.665 0.646 0.709 0.506 0.694 0.626

The second hyperparameter is the solver, which can be one of three popular forms: a

family of quasiNewton methods (lbfgs), stochastic gradient descent (sgd), and stochastic
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gradientbased optimizer (Adam)lable F.2 summarizes the results of cressidation for

different solver schemes, where theéamsolver obtained the best result.

Table F.2. Score of 16fold crossvalidation for differat solver in MLP

Method  1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th  avg.
Adam 0.795 0.787 0.825 0.738 0.782 0.866 0.868 0.849 0.709 0.865 0.809
sgd 0.770 0.687 0.792 0.712 0.751 0.791 0.778 0.822 0.694 0.808 0.761
Ibfgs 0.818 0.889 0.128 0.913 0.553 0.900 0.765 0.919 0.764 0.768 0.742

Learning rate which has contributions to the weight updates is the third hyperparameter
that is tuned in this sectiofable F.3 presents a comprehensive analysis of the performance

of various learnersaand the results indicate that Adaptive rate performs the best, as it achieves

the highest crosgalidation score

Table F.3. Score of 1&fold crossvalidation for different learning rate in MLP

Method Ist 2nd  3rd 4th 5th 6th 7th 8th 9th  10th avg.
Adaptive 0.811 0.776 0.826 0.755 0.800 0.886 0.855 0.840 0.726 0.866 0.814
Invscaling 0.808 0.759 0.821 0.748 0.813 0.875 0.869 0.833 0.719 0.851 0.810
Constant 0.802 0.765 0.827 0.760 0.772 0.854 0.879 0.839 0.711 0.861 0.807

The number of hidden layers and neurons are critical hyperparameters that significantly
impact the final prediction of the MLP network. To optimize these hyperparameters, we have
designed a set of networks with varying numbers of layers and neurons raingingto 50.

The performance of these networks is evaluated based on the mean valu®ldfctOss
validation score, and the results are summariz@alote F 4. It is noteworthy that the network

with 30 layers and 36 neurons achieves the highest score, outperforming other networks with a

different number of layers and neurons.

Table F.4. Mean crossralidation score for different numbef layers and neurons in MLP
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No. of layes 30 48 48 45 38 38 36 32 38 31 32
No. of neuros 36 49 39 38 49 45 28 29 37 34 27
Mean score 0.854 0.850 0.850 0.849 0.847 0.847 0.846 0.846 0.846 0.846 0.846

The final hyperparameter that is tuned in #estion is the number of epochs, and its
value is determined based on the cremlédation score. To optimize this hyperparameter, a
range of epochs from 200 to 8000 is considered, and the best performing value is identified.
Our analysis indicates thatetimodel performs optimally when trained for 4000 epochs

Figure F. 3 displays the predictionapability of the MLPmodel, and it is evident that

theit can accurately estimate the chloride content.
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Figure F. 3. Prediction of chloride contefiin % of cement magsising MLP model

SVM Regressor

The kernel function is a crucial hyperparameter that significantly influences the
performance of the SVM model. To optimize this hyperparameter, we evaluated the
performance of different kernel functions, including RBF, linear, polynomial, and sigmoid,
using crossvalidation. The results are summarized able F.5, and it is evident that the RBF

kernel function outperforms the other kernel functions, achieving the best performance.
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Table F5. Mean crossralidation score fodifferent kernel functions in SVM

Kernel 1st 2nd  3rd 4th 5th 6th 7th 8th 9th  10th avg.
RBF 0.760 0.655 0.805 0.703 0.742 0.815 0.863 0.804 0.611 0.851 0.761
Linear 0.657 0.507 0.538 0.634 0.549 0.631 0.639 0.722 0.528 0.702 0.611

Polynomial 0.632 0.506 0.405 0.663 0.435 0.685 0.564 0.582 0.550 0.638 0.566
Sigmoid -35.32 -12.18 -10.23 -20.71 -17.87 -12.09 -17.04 -16.22 -14.81 -15.05 -17.15

Figure F. 4 illustrates the performance of the SVM model in predicting the content of
chloride, displaying the results for both the training and testing sets. The figure demonstrates
that the SVM modelan effectively capture the variations in chloride content, indicating the

model's robustness and accuracy.
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Figure F. 4.Prediction of chloride contenin(% of cement magsusing SVM model

GPRModel

An important hypermeter in the tuning of the GPR model is the variance of the
additional Gaussian measurement noise. Th#ltDcrossvalidation is performed to obtain
the best performance score which was 0.8541 % fooise variance of 0.008Bigure F. 5
depicts the result of the GPR model. As seen, both training and test sets could accurately predict

the content of chloride.
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The variance of the additional Gaussian measurement noise is a crucial hyperparameter in the
tuning of the GPR model. To determine the best performance score, we conductiedda 10
crossvalidation and obtained a score of 0.85411 for a noise varianc@Gd®.The results of

the GPR model are illustrated Figure F. 5, indicating accurate predictions for both the

training and test sets in determining tdoride content
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Figure F. 5. Prediction of chloride contenin(% of cement magsising GPR model

RF Model

The number of trees and the maximum depth of the trees are two critical
hyperparameters that significantly impact the performance of the RF ntagete F. 6
illustrates the effect of these hyperparameters through the mea+iadfl thossvalidation. As
observed, the accuracy of the model approaches an asymptotic value with increasing values of
the maximum depth and the number of trees. Therefore, to balance accuracy and computational

cost, we selected the number of trees and maximum depth as 150 and 14, respectively
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Figure F. 6. Tuning of the hyperparameters in RF model

The number of features is another parameter that significantly affects the accuracy of
the model. To find the most efficient and accurate approach, we performeeralidason
scores, as summarized Table F.6. The results show that the best performance is achieved

with a condition where 12 features were selected.

Table F.6. Mean crossvalidation score for different number of selected features in RF model

No. of

2 3 4 5 6 7 8 9 10 11 12 13 14
features
g/lceoerlg 0.423 0.684 0.818 0.839 0.856 0.860 0.863 0.863 0.882 0.884 0.880 0.884 0.880 0.878

Figure F. 6 presents the precision of the RF model, which indicates the accuracy of the
model. Both the training and testing sets have achieved a noteworthy level of accuracy in

forecasting the content ohloride ions.
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Figure F. 7. Prediction of chloride contenin(% of cement majsising RF model

VR model

standalone machine learning models. Based on the performance score of different ML
techniques in the preceding sections, a weighted average of MLP, SVM, RF, and GPR was

consideredThe accuracy of the VR model is demonstrateBigure F. 8. As depicted, both

The voting method has been formulated by evaluating various combinations of

the training and testing sets have exhibitgghaddegree of accuracy.

(a) Training set

Figure F. 8. Prediction of chloride contefiin % of cement majsising Voting model

Performance measurement
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(b) Test set





















