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Abstract

Corrosion of reinforcing stedlas been identified as the leading causdatérioration in North
America's reinforced concrete (RC) infrastruct@®bal warming accelera®oth reinforcement
corrosion initiation and propagation. Furthermore, global warming could lead to higlzextirae/
cycle(FTC)frequency in cold regianaffecting thestructural performance and service lifeagfng
RCinfrastructuresThere is a scarcity of numerical research on the effe€$G§or the combined
effects of corrosion andTCson the structual performance of reacale columsgpiers. The present
study develops a numerical framework to analyse deteriorated RC bridge piers by adopting
comprehensive corrosion and frost damage models from the litel@mgparisons with available

test data fromthe literature assess the adopted damage mo@elsoded columns and frest
damaged beams from the literature were selected and simulated by incorporating the adopted
damage model#\ stagebased damagieameworkduring theservice life of aridgeis propsed,

and it is illustrated for a bridglcated in Montreal, Canad&irst, thedetrimentaleffects of
corrosion on the pierds str uc-basedanhalysig &refh or man
conducted to study the combined effects of corrosion and fteerecycle over 60 years of the

bri dgeds Thepresentstedy dssumes thrembined corrosiofirost damage levelgt

level 1, it is assumed that all the reinforcement, core concrete, and thsliporesponse in the
splashing zone are affected by stag®rtosion, and the cover concrete is degraded under 22 FTCs
after ten yeas. At level 2, the steel rebars and the belyal response are affected by stage 2
corrosion,and thecover concretand corrosiofinduced damaged core concrete assumed to
degrade under 113 FTCs after 40 years. Level 3, the wasst scenario, correspds to extensive
corrosion of rebars (stage 3), spalling of the cover concrete, andnidased damage penetration

towards the core concrete (splashing zaf&®r 60 years of servic&hreedimensionahonlinear



finite elementanaly®s using the finiteelement programDIANA, are conductedo evaluate the
structural performance theRC bridge pier undeserviceloading and subjected tmrrosionalone
and to corrosion combined witlTCs after ten, forty, and sixty year§rom analysis of the
numericalresults, it is observed thatsaynificant decrease in thei eultibdadeaxial and flexural
capacity, rigidity, and deformability shethe importance of periodiaspectionandinvestigation

in the first ten years and rehabilitation planning in the first 40 yeatisediridged service life
Comparing the structural performance of the pier deteriorated by frost damage only and a
combination of corrosion and frost damage shows the intengifgifects of corrosion in the
degradation proces3he present modahg frameworkcan also successfully capture the failure
pattern of the damaged RC pidy.simplified sectional nonlinear analysis @&so conductedto
evaluate the validity of the propakguantitativeevaluationapproachand propose an efficient

assessmermpproach to approximately estimate the remaining capacity of aging piers
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Chapter 1: Introduction

1.1 General

Climate change in the past decades has been of interest ta@saaychersRecently, there have
been some investigations to evaluate the effect of climate charnigesanvice life andheultimate
capacity of infrastructures, especially in countriesated in cold regions such as Canédasr et
al. 2020) Corrosion ofrebarsin reinforced concrete (RC) infrastructure age of the most
concerning factors affectings serviceability and ultimate capacitysdther and Sand 2Q16
Tahershamsi 2016)Over the past decades, the risk of carbonatidaced corrosion in RC
structures has increasellie to theincreag of atmospheric COdue togreenhouse emissions
(Talakokula et al. 2016)n many cold regionssuch as Canad#he heay use of deicing sals
during the winter increases the potential risk of chlemkiced corrosion, which could be
combined with carbonatiemduced corrosion and accelerate the corrosion process. Global warming
is known as an accelerating factor ri@inforcementcorrosion initiation and propagatiooy
increasing the rate of chemical react{®oberge 2010)Furthermoreit has been observed that the
annualfrequencyof freezethaw cycles (FT€) is higherin cold regionsdue toglobal warming,
affecting the structural performance and service life of ageind dorroding) RC infrastructure
(Pakkala et al. 2015Available studiesn the literaturehavemainly focugd on the deteriorating
effects of either corrosion or FTCs on the mechanical propertiesebfirsand concrete in RC
structuresBerra et al. (2003Melchers et al(2006, Seether and Sand (201&)ia et al. (2016)
Deng et al. (2018), andin et al. (2019 havestudied thenstantaneous degrading effects of pitting
and urform corrosion on the material properties of steel and conc@impressive tsength
degradation of concrete within the cover zone and a portion of confined concrete due to rust
formationinduced cracksyebar crossectionreduction due to uniform anditfing corrosion

(longitudinal and stirrups)rebar ductility degradation due to pitting corrosion, buckling of
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compressivdongitudinal reinforcing barslue torebarcrosssection reduction and confinement
degradation, andegradation othe bondslip responseénduced by concrete cracking or spalling

were considered as the main deteriorating factors. It was observed that these damage mechanisms
occurring at the critigl flexural or shear zones could lead to severe structural performance
deterioration. Other researchers have conducted experimental and numerical studiefext tife
FTCsonthemechanical properties and structural performance of RC structures (@tadal004,

Hanjari et al. 2013, Hayashida et al. 20B4rto et al. 2015Qin et al. 2017, Gong and Maekawa

2018, Liu et al. 2019).

The OntarioStructure Inspection ManuéDSIM) proposes regular detailegsual inspections of
bridges to ensure public safety and convenien:
structure management system for maintenance and rehabilité@otario Ministry of

Transportation 20085uch inspections determine the severity of corrosion damage as follows:

A Light: appearance of a light rust stain on the surface

A Medium:re b aaro8ssection loss of less than 10% and exposed rebar with uniform light rust

A Severe:re b a crdsssection loss of 10980% and exposed rebar with heavy rusting and
localized pit

A Very severere b aaro8ssection loss of over 20% and exposed rebar witl kieavy rusting
and localized pit

Visual inspections also determine the severity of the frd®m&induced scaling as follows

(Ontario Mnistry of Transportation 2008)

A Light: lossof surface mortar ta maximumof 5 mm without exposure of coaraggregate

A Medium: loss of surface mortar t@ maximumof 6 to 10 mm with exposure of some coarse
aggregates

A Severelossof surface mortar tamaximumof 11to 20 mm withsome aggregates standing out
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from the concrete and some ofitheompletely lost

A Very severelossof mortar and aggregates to a depth greater than 20 mm

Theseguidelinesprovide a reasonable qualitative assessment apprddahiever,in view of the
increase intraffic volume environmentallyinduced deterioratigrndbacklog ofseverely deficient
bridges(CIRC 2019) relying on a quantitative assessment appréa@ssess the residual capacity
and perfornance ofagingbridges, especially thie piers is crucial(Mohammed 2014)rhestability
andability of the piergo provide adequatpport to the superstructigieould be closely monitored
and assessdethoroughly It is crucial to monitor the possibility of any vertical, longitudinal or

transverse translations or rotatioMir{istry of Transportation 2008)

Only a few experimental studies have focused on the synergistic effects of environmental exposure
(FTCs and corrosion) and mechanical loading on the mechanical behaviowtraouiral
performance of ageing structural members (Diao et al. 2011; Wu et al. ZB&8).is stillascarcity
of studies on the structural perfaimce of realscale bridge piers subjected tmmbined

deterioration effects durintteir service life.

1.2 Obijectives of the present study

The present study's main objectage:

a) Investigating e impact of reinforcement corrosiam the mechanical behaviour and ultimate
capacity of RC bridge piersubjected tostagebased corrosion scenaritrough three
dimensonal nonlinear finite element analysis (3BLFEA) using the commercially finite
element program DIANADRiana 2019.

b) Investigating he impact of reinforcement corrosion and frost damagethe mechanical
behaviour and ultimate capacity of RC bridge piers subjectsthggbased combined damage
scenariothrough threedimensional no#linear finite element analysis (3BLFEA) using the

commercially finite element program DIANA{ana 2019.
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1.3 Scopes of the present study

Themainscope of the present studsesummarized as follows:

a) Comprehensive Stata-the-Art (analytical, numerical, and experimental) on the mechanical
properties and the structural behaviour of B€mcolumnsdamaged by corrosion, frost
damage, combined/coupled action of reinforcement corrosion and concrete frost damage.

b) Adoption ofa comprehensive corrosion damage model based on available models in the literature
to account for the effects gditting and urfiorm corrosion on the material properties of
reinforcing steebnd concrete, such as strength degradation of concrete within the cover zone
and a portion of confined concrete due cmrrosioninduced crackng, rebar crosssection
reduction due to uniformnal pitting corrosion (longitudinal and stirrups),t & ductidity
degradation due to pitting corrosion, buckling of compressiméorcementdue to crossection
reduction and confinement degradation, and kslipdresponse degradation.

c) Evaluaton of the accuracy of the adopted corrosion damage model under task (b) by simulating
previously tested corroded columns from the literature in the commercially finite element
program DIANA (release 10.3).

d) Adoption ofa comprehensive frost damage model basealvailable models in the literature to
account for FTCsnduced deterioratigrsuch as degradation in concrete compressive strength
and peakcompressivestrain, concrete modulus of elasticity, concrete tensile strength, and
fracture energy.

e) Evaluaton ofthe accuracy of the adopted frost damage model under task (d)dptsig tested
frostdamagedRC memberdrom the literature in the commercially finite element program

DIANA (release 13%).



f) Designof a multicolumn bent of an ageing bridge according ®lthading combination dhe
superstructure and based ©8A S6:19 (Canadian Highway and Bridge DegititBDC, CSA
2019)recommendations.

g) Proposl of a stagebasel corrosion damage scenario and a combined diagedprogressive
corrosion/frosdamage scenario over thaedge service life

h) 3D-NLFEA usingthe commercially available finite element program DIANA (releasd)14l.
the member level to evaluate the structural performance of the bridge pier subjected to a
progressive corrosion damage scenama a combined aoh scenario by incorporating the
adopted damage models under task (b), (d), and (g) as ebsisepk analysis.

i) Evaluaton of the trendand effectiveness of the proposed model by generating the interaction

diagrams of the damaged piers based on the gres®tel and nonlinear sectional analysis

1.4 Research significance

The presens t udy 6s out come contr i bintb thestagediletesaoratng mpr e h
effects of corrosionfFTCs and the combination of corrosion aR@iCs on the ultimatexial and

flexural capacity, rigidity, and deformability of RC bridge pistgjected to traffic load during their

service life. The present model successfutbgptures the failure modes of the aging piéys
comparison between the results based on the preserdduktyy and those based on experimental

tests from the literaturdemonstratethe reliability of the present study. The interacttbagrams

of the damaged piers based on the present model and nonlinear sectiys#a araenerated and

compared for frther verification of the validity of the present study.

1.5 Thesis formatand organization
This thesis is prepareda i p a p e rincliding sk ahtapters. Each chapter is presented with

its own bibliography. The chapters are as follows:
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Chapter Iprovides an introduction and a description of thigectives andcope of the thesis.

Chapter 2 presents a comprehensive sihtbe-art on the deteriorating effects inforcement
corrosion and FTCs on the concrete and rebars' mechanicgeantktrical propertiess well as

the structural performance of the deteriorated RC members. Chapteb2 submitted asr@view

paperto an international journal

Chapter Jevelops a nonlinear finite element analysis of the impact of reinforcement corrosion on
bridge piers under concentric loads. This chapter introduces a comprehensive adopted corrosion
damage model and then verifies it by simulating previously tested edramumns subjected to
concentric loading from the literature. A stdggsed corrosion damage model is introduced, and an
RC bridge pier is designed and simulated in DIANA. The corrosion damage model is incorporated
into thefinite elemenmodel to assegbe structural performance of the corroded RC pier subjected

to a progressive corrosion scenario and concentric load over the bridge service life. Chapter 3 has
been publishedsZaghian et al.Z022).

Chapter 4 presents the finite element modelling of bridge piers subjected to eccentric load combined
with reinforcement corrosion. The akiflexural responses of the corroded pier under different
eccentricities are studied. The accuracy of the adopted damagkamddiee propose8D-NLFEA

is verified by simulating two corroded RC columinem the literature The adopted corrosion
damage model is then incorporated into the model as alstage analysis to evaluate the structural
performance of the corroded RC pier under eccentric load. The corroded RC pier's interaction
diagram at each damage stage is themerated and discussed. This chapter hashé#ished as
Zaghian et al. (2029).

Chapter fuses3D-NLFEA to evaluate the structural performanc@oRC bridgepier subjected to

the combination of corrosion, FTCs, and service load. The corrosion dangd is briefly

reviewed, and the adopted frost damage model is introduced. The adopted frost damage model is



then verified by simulatinthe experimental tests fstbstdamaged beameported irthe literature

A comprehensive combined damage model appsed as a stagpased scenario. The combined
scenario is incorporated into the model to evaluate the structural performance of the RC pier
damaged by the progressive combined action of corrosion and FTCs over the bridge's service life.
This chapter hasdenpublished as Zaghian et al. (Bbf).

Chapter 6summarizes themajor conclusioa of each technical papand suggests a reliable

evaluation approador affected RC bridge pietsased on nonlinear sectional analysis
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Chapter 2: Literature Review on Reinforcement Corrosion
and Frost Damage and Gap in the Statef-the-Art

2.1 Introduction

Reinforcement corrosion has bdermown as a primary cause of deterioratioR{Dinfrastructures.
Corrosionof reinforcing steeis an electrochemical reaction triggered by either carbonation of the
concrete cover or accumulation of a sufficient amount of chloride ions at the steed.Siiffien
either of these mechanisms occutee passivity afforded by thalkali environmentaround the
rebars breaks down, and corrosion initiates. Corrosion appears as ruaggairthe concrete
surface, followed by cracking and delaminatadrthe comrete coverat advanced stagé®ntario
Ministry of Transportation 2008fConcrete frost damage induced fbgezing and thawing cyde
(FTCs) is anothedeleteriougphenomenon in RC structures, especially in cold regions. Two types
of frost damage are widely distinguishedernal damage and surface scaling. Water freezingdnsi
the concrete pore system causes the first damageviiipesaghe latter damage type is caused by

weakeningpf theexposedconcrete surface in contact with a saline solugi®erto et al. 2015)

A comprehensive statef-the-art literature survey (analytical, numerical, and experimeattiaies

on the destructive effectsf corrosion, FTCs, and combination of corrosion and FTCs on the
material properties and structural performance of RC membepsesented in this chapter.
Available studiesare @ategorized as (i) studies on the deteriorating effects of corrosion arel FTC
on the mechanical properties of concrete, rebars, and thesbpndsponsgand (ii) studies on the
deteriorating effects of corrosion and FTCs on the structural performance of RC struldteres.

sections in the present chapter smenmarised ifrigure2-1.
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2.2. Reinforcement Corrosion

2.2.1.Constitutive

models for concrete

(confined and un
confined)

2.2.2. Predefined Bond

Slip models

2.2.2.1.0ne dimensional (1D)
bondslip model for urcorroded
ribbed bars according to the Model
Code 2010 (CEB. 2013)

2.2.2.2.Two dimensional (2D)
bondslip response of corroded
reinforcement in RC members

2.2.2.3.0ne dimensional (1D)
bondslip response of corroded
reinforcement in RC members

@)
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2.2.3Effects of corrosion
on reinforcing steel and

concrete

2.2.3.1.Effect of
corrosion on steel
mechanical and
geometrical properties

2.2.3.2.Buckling of
corroded reinforcing
steel in RC columns

2.2.3.3.Effect of

corrosion on mechanicat

properties of cover
concrete

2.2.4Structural
performance of
corroded RC
structures

2.2.4.1.Experimentg
investigations on
corrosiondamaged
RC columns under
compression
(concentric or
eccentric)

2.2.4.2.Numerical
and analytical
studies




2.3. Frost damage

2.3.1. Frost damage 2.3.2. effects of FTCs on 2.3.3. Structural behaviour of frest
mechanism mechanggi?;l;awour of damaged RC members

2.3.2.1 Equivalent number of FTCs

2.3.2.2. Compressive constitutive models of fidminaged concrete

2.3.2.3. Tensile constitutive models of frdstmaged concrete

2.3.2.4. Modulus of elasticity

2.3.2.5. Bond behaviour

2.3.2.6. Surface scaling

(b)

Figure2-1 A summary ofthe stateof-the-art presented in Chapter 2

2.2 Constitutive models for concrete (confined and wtonfined)

According to many studies reviewed in this section, the ssteas response of concrete and rebars
follows a nonlinear trend Hognestad (1951) is the most wkliown model used by many
researchers among many developed concrete constitutive modeatggressionin this model, the
compressive stresgrainresponseof concrete follows a secoratder trend (parabola) up tbe
ultimate stressThedescending branch (relativesygnificantdecrease in strain) follows a linear
trend up to failuréFigure 22, a) Mander et al. (1989onducted a theoretical study to @stigate
the effect of transverse reinforcement (spiral or rectangular hoops) on thesstasmodel of the

concrete under uniaxial compression. The model is also valid for the case of cyclic loading and
12



strainrate. I”Mander 6 s model , ressivestrangthxof asguare cordime@ concrete (

. a
f.=f.gg1.254 2.254 1 7oL g 2.1
Q fc fc

krofy s k=1 A= AL ) 2.2

fi)is calculated as

in which f, is the compressive strength of unconfined concréﬁs the maximum lateral pressure
induced bythe transverse reinforcemedtis the normal strength concreteetficient;K, is the
confinement effectiveness coefficierl, is the area of the effectively confined concrete cdrg;

is the ratio othearea of dngitudinal reinforcement tihearea ofthecore of sectionA.is the area
of the concrete core enclosed by the center line of the perimeter spiral or/ijashe transverse
reinforcing bar ratipand fy[ is the yield strength of the transverse reinforcement.

Another weltknown compressive model for concrete is the model proposé&dhdmenfeldt et al.
(1987)who made modifications to the Popovics (19%8)delto adjust the descendj branch of

the stresstrainresponseThorenfeldd s mo d e | i s pr2dm.ented in Figur

_fp

_fc

(a) (b)
Figure2-2 Concrete compressive strestsain respongereproduced from DIANADiana 2019 (a) Hognestad model,
(b) Thorenfeldt model
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Saatcioglu and Razvi (1992pnducted an analytical studydonductthe compressive constitutive

model for confined concrete. In this model, the authors amtett the descending branch according

to 85% of peak stress and assumed constant residual strength beyond the descending branch
equivalent to 20% of peak stress. Adoptuagious test data, the authors developed an empirical
relationship forthe stressstrain of canfined concrete in compressiohccounting for confinement
pressure induced by spiral and rectilinear reinforcement, it was proven that both strength and
ductility of confined concrete significantly improve. Saatcioglu and Razvi (1992) proplosed t

confined compressive strength of concrete as:

ch = fc "k1f|e 2.3
where f and f, are the confined strength of concrete and unconfingtkice strength of concrete
in structural members, respectively. Theis the equivalent lateral confinement pressure and is

introduced as f, =K,f, at which f is the lateral confinement pressure (Eg5),

k, =0.15 /EE ¢1.¢ for rectilinear reinforcement), s ,andS are the section width, transverse
S S

reinforcement spacing, and spacing of laterally suppootegitudinal reinforcement respectively)
and K, =1.0for spiral reinforcementThe coefficientk; is an empirical parameter, and according
to the test data regression analysis, Saatcioglu and Razvi (1992) proposed the varihigon of
coefficientk, as a function off,, (Eq.2.4). The variabled, €, and & were calibrated as Eq&5,

2.6, and2.7, respectively.

k =6.7(f,)"" 24
q
a (Ag fytsina)i
fI =iz 2.5
sk



g= g1 BK) ; 26

6s=260 r e ;. e= g1 BK) 2.7
inwhich A is the tie leg cross sectional areg; is the yield strength of tieq is the number of

tie legs that cross the side of core concrete for which the average lateral préssise&omputed;

e,, €., Egs , Esare the strain at the peak and strain corresponding to 85% of peak stress for the

unconfined and confined concretespectively.

Gilbert and Warner (1978)sed a layered discrete element method to investigate thetesmort

behaviour of RC slabs considering tHteets of tension stiffening. The authors proposed a linear

ascending branch for tle®ncretean tension up to the first crack with a tensile modulus equal to the

initial modulus of concrete in compression and a linear-p@stk descending branch considgr
tension stiffening.Gilbert and Warner (19783lso assumed a simplified bilinear strsfimin

relationship for the steel in both tension and compression.

2.3 Reinforcementcorrosion

Depending on the type of corrosion (pitting or uniform), corrosiorelbérsin RC membersgould
have deterioratigp effects in different aspects suchrabar cross e ct i on al |l oss
r e b a rindlieced pluctility degradatiofCairns et al. 2005}he possibility of elastic and inelastic
buckling of corroded rebars due to the rébarrosssectional reduocvbn and confinement
degradation(Rodriguez et al. 199%nd Kashani et al. 2013)reduction incover concrete
compressive strength due to possible cracking and spé&limigpnelli and Gambarova 20049ss

of partial confinement, and borslip responséegmadation(Lundgren et al. 2012)
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This chaptecritically reviews the studies conductedtbe efects of corrosion on the mechanical
properties and structural performance of RC structural members. The main scop@resémnt

stateof-the-art ispresented ifrigure2-1(a).
2.3.1 Pre-defined bond-dip models

2.3.1.10ne dimensional (1D) boneslip model for un-corroded ribbed bars according
to the Model Code 2010CEB. 2013)

The bond mechanism in RC members appears as three components, i.e., (1) chemical adhesion, (2)
mechanical interface interlock, and (3) aetiviction (fib 2013) The chemical adhesion strength
between rebar and concrete is reported to be around 0.1 MPa, according to the Model Code 2010
(fib 2013) The loss of this type of bond leads to the appearance of-grimeks around the rebar
(Tahershamsi 2016)The interface interlock is induced by the restraining force between
embossments and indentations of the steel profile, and it is highly dependent on the shape and size
of the ribs fib 2013). The lowest bond strength among the mentioned three components is active
friction around 0.003 MPa. Still, it cannot be neglected because of its contribution to the shear
strength and its development all over the interface.

The 1D boneklip relationip for monotonic loading introduced in the Model Code 2(fitD
2013)depends on different parameters such as rebar geometry, concrete cover, location

and boundary conditions (EB.8). The boneklip curve (pulout ase) consists of four differel

sections, i.e., (1) the small slip that causes micro cracking and local crushing, (2) the stra

which occurs for the weltonfined cases and the crushing between the ribs occur, (3) desc

branch of the bondlip curve due to splitting cracks, and (4) the residual bond stress, wr

dependent on the degree of integrity caused by the transverse reinfordeguae2(3).
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tb: l{max(s/%)a fOf 0 ¢s @

= Lo for s ¢s §

2.8
[b = I!max _( br{ax _bf)(s S?_)/( Ss S)_ for % S ¢§i
t,= for s <s

wheret, is the bond stresg,

bmax

is the maximum bond strength; is the residual bond stress
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Figure2-3 1D bondslip relationship feproduced fronCEB-fib 2010)

Lundgren et al. (20099 onducted an interpolation between the extreme cases of the Model
1990 boneslip mode] which is thepull-out failure (confined) and splitting failure (wonfined)

by introducing an interpolation factky to define a more prac@él model in realife structures

(Eq.2.9).
tb = kin' l{conf '(l kin) ) gnconl 2.9
k = maXiekC/d
|, kASW

The interpolation factor was defined as a ceteeoar diameter ratioq/ d) or the amount o
transverse reinforcemerdorresponding to the pudlut failure, i.e., the ratio between tl

transverse reinforcement area to the transverse reinforcement spagife) (
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2.3.1.2Two-dimensional (2D) bondslip response of corroded rebars in RC member

Over thepast few decades, many studies have been conducted on the effects of corrosic
bondslip behaviour of RC structural members. Higher corrosion product volume than the ¢
material results in splitting stresses, cover cracking or delaminatian.cdivosion produc
expansion also adversely affects the interaction between steel and cobenelgrén 2002)
Ignoring the flow of corrosion products into the cracks, Lundgren (2002) developed a cot
model of bonecorrosion. In this study, the frictional bond model developedumggren (1999)
considering the effect of splitting stress, bond stress, longitudinal slip between concrete ar
and the radial deformation around the rebar, was adopted. The bond model was combil
the corrosion model, which includes the effect of voluminous corrosion product expansic
the bond model, considering elastoplastic theory, the relationship between the stres

deformations was defined &sj. 2.10.

. e u g .
qn g éDll | tbond| D12 l‘JJnand
& Ué hbond U € 2.10
ye AY t d
t g O D22 H

whet t, is the normal stress;is the bond stressy, . ,is the relative normal displacement in t
layer corresponding to the bond modg, ,is the slip corresponding to the bond modegyre
2-4).

. r”'| normal splitting stress'|
N bond stress

. |::.r,_.—‘ B |:re1:ttive normal displacement at the layer|

u, slip

Figure 2-4 Stress and deformation definition in the bond model definedundgren (1999)Xreproduced from
Lundgren 1999)

18



Lundgren (2002) also developed a corrosion model considering the voluminous corrosion
expansion. The ratio between the volume of corrosion products to the volume of corrod
(stripped area},, was introdiced as an essential factor. Assuming incompressibility of corr

products, the free increase of radius bi

a= 1 \frz (r+ 1).(2rx xz) 2.11

in which nis the ratio of rust volume to steel volume, ansl the corrosion penetration depth.

The free increase of radius corresponds to the zero normal stress in the rebar. Lundgre
suggested the normal strain corresponding to the volume expansion of corrosion prodt

corresponding normal stress of rust at loading asZEt@and2.13, respectively:

—Uneor - @ 212

X+a

cor

t =K,,.e° 2.13

in which parameter&_, and p are regression parametéascording to the previous test rest

such afAndrade et al1993)

The bond model developed hyindgren (1999Wwas modified by the author in a subsequer
study (undgren 2005)The modified model introduces a third componaritich prevens the
bar from rotating around its axis. Within the past two decades, the corrosion/bond damag
developed by Lundgren (2002) has been used by many researchédusting 3D FEA on th
structural behaviour of corroding RC members using DIANA software. The corrosion anc
layers were modelled using 2D interface elements at the surface between rebars and

both modelled by 3D solid elements. LundgrenO@Qintegrated two separate layers into «
layer to reduce the node numbers and consequently increase the computational efficien

solution. Lundgren (2002) assumed that Itle@d and corrosion layers' traction is equal du

19



equilibrium. The displacement relationship within the single interface element layer

introduced a&q. (2.14).

u,=u.,

ncor nbond

ut = l'*bond’ utcor :O

214

Tahershamsi (201@)sed the bond/corrosion model developed by Lundgren (2002) to con
numerical study investigating the effects of natural corrosion on the structural behav
corroding RC beams. Il n t hi s svasuntpementéduniodh
commercial DIANA 9.5 software through 2D interface elements to introduce the swelling
of corrosion products in addition to the friction bond. In this model, the corrosion penetratic
used as a function of time, and a¢irstep analysis was conducted as the corrosion propag
Hussain and Miteva (2018)so followed the elastoplastic bond/corrosioadel developed b
Lundgren (2002) to model the structural behaviour of naturally corroded beams in DIAN,

software.

2.3.1.3 One dimensional (1D) boneklip response of corroded reinforcement in RC
members

The effects of crack development along the radial direction around the rebar and tsigh
response of ugorroded and corroded RC members have been of interest to many nu
studies(Schlune 2006)Schlune (2006fonducted a numerical studgingDIANA software to
investigate the effects of corrosion on the bshg response oforrodedRC members. It wa
observed that cracking mode is independent of the source of cracking, i.e., corrosion &
Many researchers conducted numerical and analydtudies to develop the bostip curveof

corroded RC membersamed slave curve, by modifying the besiligh relationship developed kt
the Model Code 199(CEB. 1993) named master curvéhifting the master curve along the s

axis (Schlune 2006) or the bond axes (Tarlen and Horrigmoe 1@88)a reliable methoc

20



Schlune (206) showed that by shifting the bostlp curve of the Model Code 199CEB. 1993)
to the left side, the borslip curve for the corroded RC member could be achieagsiiming the
corrosion application before the pwallit application.Two reasons could explain this, i.e., |
dependency of bond stress on the radial stress arouncelbe (2) dependency of radi
deformation caused by corrosion and radial deformation caused by sBphline (2006)the
master curve was first shifted along the slip axe®Pby= #x wherex was defined as corrosic
penetration depth in millimetres ahdas defined as a factor to relate the effect of corrosio
cracking to the effect of slip on cracking. The corroded kslimdcurve was then described |
Schlune (2006@s Eqs2.15t0 2.18 (Figure2-5). Schlun® s mdoesedt include the chany

of failure mode due to corrosion.

as 6

t= e ¢ for 06 § 2.15
¢ +

[ = r€ax for S]shifted ¢S %shiftec 216

a s- Sshifed 0

= o '( mi _f)h 8 for  Sanned S Sfftes 2.17
o} shifted = shifted =

t=f for Sgied <S 2.18

in which all the parameters with subscri

(CEB. 1993)hifted byDs along the slip axes.
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Figure 2-5 Corroded Boneklip curve developed by Schlune (2006),0(5):Sl ¢%'-‘hi“ed, (b)SZShifted ¢35 ¢%Sh‘“ed, (c)
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In corroded RC members, transverse reinforcement is crucial in avoiding $plitleng failure.
Lack of sufficient confinement in the corroded RC members results in the change of failui
ductile pull out to brittle splitting failurd_ndgren et al. 2009)In a subsequent studyyndgren
et al. (2009) followe®chlund s met hod t o devel op a pl ast
1990(CEB. 1993)0 make it applicable farorroded rebaras well as reversed and cyclic loadi

conditions. In this model, the bond stress was assumed to follow an elastoplastioure
defined a¢ =D(s -s); |t|¢ #( ). Parameter® and s, were defined as the bond stiffne
and plastic slip, respectively;, ¢, , ands are the bond stress, bond strength as a function-c

corroded hardening parameters,and slip, respectively. In the modified bond strength mc
only the first part of the bond strength curve was retdated slightly to interpolate an initi

finite stiffness; however, the remaining parts of the equations follow the model by the
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Code 199(CEB. 1993) Equation2.19 describes the modified elastoplastic bond strength c

for un-corroded reinforcement.

& 8 kB0
to( k=2 & 25 30,4, 0 ¢Re¢
¢ 8§ =0
_ S 3
to( k= L 2 g 1
b(k mé; 2 %2
& 5 2.19
aek'sz% o s ¢,
wde { mof 1) — 6 s, &GSk
B- s 38 ’ °
C D 2 =+
tf
t,( k= L ¢ k
o( 4= o1 S 5

in which all the parameters are defined in the Model Code (®BB. 1993) The bond stiffnes:

and hardening parameter were definedas—™ 2 o andk = s, respectively.
S

Lundgren et al. (2009ntroduced a new haething parameter as a function of plastic sl
corrosion penetration depth, ignoring the possibility of cover spalling (Eq. 2.20).

k=s, +ax 2.20
wherex is the corrosion penetration dep#hwas defined as a coefficient according to Schl
(2006). Equatior2.20 does not account for the change of failure mode of corrtmeitudinal
reinforcing bargrom ductile pull out to brittle splitting in case of no or lawount of transvers
reinforcement. To incorporate the effect of crackimguced failure mode change into t

equationsl.undgren et al. (2009ntroduced an interpolation factdx,, , which is a function of

the ratio between the corrosion penetration déptto the corrosion penetration that causes cc

cracking (x,, Eq2.22). The bond strength for the corroded reinforcement was miezs@s ar

interpolation between the critical cases, i.e., confined armbofined (Eq2.21).
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where x, is the corrosion level which cracks the concrete coven), c is the concrete cover i
mm, d is the rebar diameter in mm, arfg is the concrete cylindrical compressive strengtl
MPa.

According toLundgren et al. (2009the deterioration in bonrslip is a sequence of borstip

shifting along the slip axis (Schlune 2006) plus the effedt of which defines the change !
failure mode in corroded membégfgure2-6).

Factor k..,
'y

oo Uncorroded
T ! Corroded (and
Uncorroded, 7’ coincident with

shifted ™ uncorroded, shifted’
'I(A.S'H‘ ',‘
i : Unloading
0 j ' .
0 085 1 Laxl  Sp i s
.T-":,Tm-
(@) (b)

Figure2-6- (a) Interpolation factor for corroded reinforcement (change of failure mode), (b) Corrodedlipol
curve (Reproduced from Lundgren et al. 2009)

In all of the studies reviewed earlier, the effect of cover spalling andpstiorrosion due to th
high level of corrosion was not considergdndi (2015)nterpolated the effect of cover spallil
into the boneklip model developed biundgren et al. 2009 (E@.21) by introducing a new
coefficient which is a function of confinement parametéesdi (2015)Xevelop the local borc

slip curve at cover spalling for good bond conditibigure2-7).
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Figure2-7 The local boneklip curve at cover spalling for good bond condition (Reproduced from Zandi 2015’
There are also numerous experimental studies on the effects of corrosion on thsdib
responseAlmusallam etal. (1996, Al T Sul ai ma nBerrasetal(1®97).sugfedtex
that at the initial stages of corrosion and formation of oxide around the steel rebar, the c«
products adhere tightly to the rebar and decrease the porosity of the concrete
reinforcement. The corrosienduced pressure was obsahte increase the bond strength bef
cracking initiation. However, the corrosion lexmind strength relationship after cracking v
observed to be dependent on various parameters such as concrete cover, confinement
skin reinforcement. As shawin Figure 2-8(c), the ascending branch continues even ¢
cracking in the presence of transverse and skin reinforcement. According to Almusallar
(1996), lack of confinement and sufficient concrete cover results in bond deterioration. In
sufficient confinement, even in the absence of skin reinforcement, the residual bond ¢

remains above the bond strength oftonroded RC membe(sAl T Sul ai mani
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Figure 2-8 Bond strength versus corrosion level relationship for the cases (a) without transverse reinfol
(reproduced fronAlmusallam et al. 1996), (b) with transverse reinforcemeagroduced frorAl T Sul a i
al 1990), (c) with transverse and skin rencfement (eproduced fronBerra et al. 1997)

Many researchers have also numerically studied the bond strength deterioration of corrc
structural memberd grlen and Horrigmoe (199&dopted the bond model by the Model Cc
1990(Figure2-9) and proposed a new degraded bshg responsdFigure2-10,a). Tgrlen and
Horrigmoeds model (for confined concret:
scale factor and approximately no change in the slip values. Residual bonéhsireden and
Horrigmoeds model was obt ai ne Rodaguezetrald(1984
Castellani and Coronelli (199@pnstructed another corrosiomduced boneslip deterioration
model based on the Model Code 199EB. 1993)(Figure2-10, b). In this model, ascendir
branch of dedriorated bonglip model follows the Model Code 199CEB. 1993)up to the

maximum corroded bond stress‘( ), which was defined according Rodriguez et al. (1994

experimental data.
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Figure2-10 Bond-slip deterioration model proposed by (a) Tarlen and Horrigmoe (1998) ahghgllani and
Coronelli (1999)

Berra et al. (2003)umerically studied the effect of confinement on the corresidoced bonc
deterioration of corroded membels this study, a 3D axisymmetric finite element analysis
conducted. The residl bond strength betweetorrodedlongitudinal reinforcing barsand
concrete was compared to that based on experimental results repoBedagt al. (1997and
Rodriguez et al. (1994)n the ABAQUS finite element simulation, a ribbed bar surrounde
concrete was modelleusing axisymmetric elements. The smeared cracking model was a«
with an elastieplastic theory for the compressive response ameélastic theory for the pre

cracking tensile response. The fracture energy of the material was modelled using
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softening behaviour. An elastjgastic constitutive model was adopted for the rebar, consid
the experimental material properties of the steel. The authors assumed two typesohstes
bond in this study. In the first model, all the interacthmles between steel and concrete w
assumed to be compatible, and in the second model, the compatibility was assumed onl
nodes between the compressed concrete and inclined ribs. Two types of confinemer
modelled in this study, i.e., typeahich is transverse steel confinement simulated by spring:
type 2 which is embedded stirrups in concrete and skin reinforcement modeled by shell el
Orthotropic thermal expansion properties were imposed into the model to consider the
expansion of corrosion products. Adopting and modifying the previous test result
relationship between the thickness of corrosion product, thermal strain, corrosion level, a
crack width was then established and the thermal strain in ABAQUS sectda impose

corrosion level of 40@m. It was observed that confinement significantly decreases the

deterioration and also increases the bond strength in case of adequate amount of stirrug
also observed that th@esence of skin reinforcement in addition to the stirrups contribut

enhancement of positive effects of confinement.

Lin and Zhao (208) developed an empirical model foorrosioninducedbond degradation. Th
authors conducted an experimental study to evaluate the effect of confinement and corro.
on the bond deterioration of «cor rgadiege yrce
method was used to simulate the real corrosion process up to 15% mass loss with a currel
of 400 mA/ cnt . The bond degradation model proposed by Lin and Zhao (2016) is:

g 1 hel5%

1e et b 51 50 223
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where R is the relative bond strength (the ratio of corroded teamoded bond strengthj, is

the mass loss percentage anhds a degradation parameter which is a function of concrete «

to rebar diameter riat (¢/d) and stirrup confinement. The coefficietitvas defined empirically

as EqR.24.
} k X, +1 Leorr
d= i 2.24
ik ai
A In 2~ &1.0 >200 A/ cnt
I X +1 §k3 (; 00 8 LI corr /

in which i is the corrosion current densityrfA/cnt ), x, is the stirrup index, coefficienks,

corr

k,,k,, and k, are empirical paragters which are dependent on the corrosion test cond
specimen geometry, stirrup index and bar position, respectively.

Seether and Sand (2016) also conducted a numerical finite element analysis and expe
study on corroded RC beams. In this gtutie commercial finite element software DIANA w
used to simulate the corroded RC beams tested by Rodriguez et al. (1995) and Rodrigt
(1996) and investigate the effects of corrosimiuced steel rebar cressction loss and stee
concrete bondlegradation on the mechanical response of corroded RC beams. In this m
was assumed that the bond strength of corroded beams experiences 65% or alternati\

loss.

Deng et al. (2018) studied the corrosion effects on the seismic performancki<pansimply-

supported bridges (MSSS). In this study, the authors developed sljpaéterioration mode
considering the strain penetration for two cases, i.e., straight rebar embedded in a «
member (columyiooting connection) and straighebar with a hook embedded in a concr
member. Deng et al. (2018) used the Bond_SP01 material and Zero Length element in O

and then modified four input parameters of the Bond_SP01 material according to the cc
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level, i.e., yield and ultimatdéensile stresses of longitudinal rebaf andf, ) and

yt,gor ut,cor

corresponding yield and ultimate slip valuesdnds, ).

Maaddawy et al. (2005Jeveloped a 1D model for the bond strength of corrddegitudinal
reinforcing bars One of the most important advantages of this model compared to the
developedond models is accounting for the contribution of stirrups and concrete individ
meaning that the corrosion of flexural r
case of no corrosion on the stirrups) in bond strength. In thislptbdebond stresslip model
based orthe Model Code 199(CEB. 1993)was adpted and modified for corrosion effects. T
maximum bond strength of corroded reinforcement was descritiegl §2.25).
toe = R?@.55 +o.24;i 37 e.lgfg—g‘

c b
R=(A +Am)

2.25

in which Ris an empirical coefficient that defines the corrodimtuced deterioration of bon

strength,m is the corrosiosinduced mass loss percentaggis the smaller of concrete cover a
half of reinforcing bar spacingj, is the diameter of ugoroded reinforcing barf ,is the yield
strength of transverse reinforceme&is the pacing of the stirrupsand A, is the crossectional

area of transverse reinforcemexit et al. (2016)adopted Eq2.25 and substituted it into th
bondslip model based ottve Model Code 199QCEB. 1993)in their numerical study to accou
for the bondslip deterioration as one of the deteriorating effects of corrosion on the strenc

drift capacity of corroded RC columns.

Blomfors et al. (2018proposed a new engineering bond model for corroded reinforcemen
local bond stresslip relationship of the Model Code 20(fih 2013)was adopted and modifie

to account for the deteriorating effects of corrosion by introducing equivalent slip and che
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failure mode to splitting failure due to corrosimuced cover crackingnd spalling. The
maximum splitting strength and residual bond stress defined in the Model Cod@iB®1I1 3)
for splitting failure have been modified in case of low stirrup content. According to the 1
Schlune (2006) proposed, the local botrdssslip curve was first shifted in the slip direction

equivalent slip §,,) to account for the effect of corrosion. In the next step, the influen:

corrosioninduced cracking was implemented into the splitting strength ieqguay reducing the
concrete coverelated factor to 1 (EqR.26). Finally, the reduced residual bond capacity

corroded specimens with low stirrup conteats modified according to the reduced bond strel

(Eq2.27).
o 0259 0,25
af., 0a25 o
t oo = 65055 & A S N 2.26
bu, spilit, red él ‘55 9 ?d_b 9 ( m tr)
8(0.16 AXK, )L, . for 0 K ({0}
[res’mod(Ktr) — ‘FE) 4[ tr) bu, spilit,red tr 227

for 0.0<K,

bu, spilit,red

in which variables, , k.., and k, were chosen as described in Medel Code 2010QFib 2013)

Variables f, and d, are the cylindrical compressive strength of concrete and rebar dial

respectively. Variableg and £ .. e (K, ) are the reduced bond strength and redt

bu, spilit, red
residual bond capacity of corroded specimens, respectively.

2.3.2 Effects of corrosion on reinforcing steel and concrete

By exceeding the level of chloride ions around lh@itudinal reinforcing barsn RC members,
chlorideinduced corrosion initiates and propagaieer time and negatively affects thebarsand
concrete. The corrosiopropagationweakens the concrete cover and core concrete, resulting in
confinement lossand the potential risk of bakling in the compressive longitudinal rebafhe

following sections briefly summarizeome of the studies conducted on pitting (localized) and
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uniform (general) corrosion effecent he degr adati on of concrete

geometrical properties.
2.3.2.Effect of corrosion onrebar mechanical and geometrical properties
Far ad a gstnmtedhemass loss of the rebars) and rebar diameter reductior, () asEqgs.

2.28and2.29 respectively.

Ml t
= curren 2'28
™ zF
x. =0.01186,,t 2.29

in which M is the atomic weight of metabb.85g/molfor iron), z is the iron oxidation induced
valence ofiron¢g=2 for Fe - Fé* ®R¢€),Fi s Far ada ¥ &%6,485/msl)lg nis (

current @), t is the time (in seconds in ER.28 and in years in ER.29), andi_ is the current

corr

density(mA/cn‘F) :

Val (2007)studied the effestof pitting and uniform corrosion ahe reliability of corroded beams.

In the case of uniform corrosion, the corrosion current density can be related directly to the mass
loss oftherebars hr ough Faradaydés | aw. Assuming a cons:t
penetration all arouhthe perimeter atherebar,Val (2007)adoptel theestimatedccorroded rebar

diameter reduction (EB.29) to introduce the crossection of a group of identical corroded rebars,
A(t), as

DD(t) =2 ©.0116,,t 2.30

corr

P&, 4(t) €.

231

A(t)=
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whereDD(t) is corroding reinforcement diameter loss in millimest i is corrosion current density

corr

(mA/cmZ)and d, is uncorroded rebar diameter. According to the corroded rebar diameter

reducti on, (Hg2a29atkkaspih sf a pitanase of pitting corrosion can be estimated

as:

p(t)=0.0116,,tR 2.32

corr

whereR is the ratio between the maximysenetratiorof pitting to the averagpenetratiordepth
and was defined byuutti (1982)as 4 and 10 for 5 and 10 mm of 1300 mmlength reinforcing

bar. According to a hemispheal model of a pit suggested bal and Melchers (1997)he cross

sectionalrea of a pitA, (t) was suggesteasEq. 2.33 andFigure2-11.

Aé + t ¢&
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Figure2-11 Pit configuration defined byal and Melchers (1997)

In a more recent study Hyeng et al. (2018)assuming varying corrosion ratdue to different

exposure conditions and binder tgg@ndrade and Alonso 2001the crosssectioral loss rate of

corroding rebar subjected to uniform corrosiar(t),, wasestimateds:

& 0 teT,
| 2
i ad(t) o
r(t)=i1 -ae—é) 6 T, € ¢, d#r 2.34
i ¢ O =
1 1 t>T, 4, /r

where"Y is corrosion initiation timeQ 0 is the timedependent diameter of tkerrodedrebar and
was defined ag(t)=d, -r(t %), andr is the corrosion rate (in mm/year). According to

experimental investigatiarby Almusallam(2001) and Du et al(2005) the crosssectioral loss of

rebardue to uniform corrosion was observed to affect the nominal strength of the steel, and pitting

corrosion was observed to degrade the ductility. Based on such obsen@#ons,et al. (2005)

expressed thelegradedensile yield stressf(, ., , ultimate tensile stressf( ) andultimate

tensile strain g, of corroded rebaas:

t,cor

frcor =610 -100 &, .A(t) £, 2.35
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focor = EL.0 -100 &, .At) f, 236

€ = 1.0 -100 3a. (t) g, 2.37

where f , f,, ande, are the tensile yield stress, ultimé&esilestress, and ultimatensilestrain

of un-corroded rebarandthevariable 7 (t) is the crossection loss ratélThe calibrated values of

the empirical coefficients in Eq.35-2.37 have been reported as=0.01,4,=0.01, and

a, =0.03t (Cairns et al. 2005)Figure 2-12 shows the uniaxial constitutive model for corroded

longitudinal reinforcing barased inDeng et al. (2018)

Stress

Uncorroded rebar

Figure2-12 Uniaxial constitutive model for corroding rehased inDeng et al(2018

2.3.2.Buckling of corroded longitudinal reinforcing bars in RC columns

Corrosion of transverse reinforcement followed by loss of confinement and relssecten loss

increass the potential risk of longitudinatebar buckling. Inelastic buckling ahe corroded

longitudinal rebarsunder compression is anotheital limit state which needs to be studied,

especially inthe seismic design of structures iarthquake zone&ashani et al. (2013)Jeveloped

a degradedstressstrain response in tension and compression basetheoBhakal Maekawa
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buckling modelas shown irFigure2-14 (a) (Dhaka and Maekawa 20pand evaluated the effect
of different corrosion levels on the inelastic buckling behaviouhefcompressivéongitudinal
reinforcing bargFigure2-14, b). The authors observed an unsymmetrical buckling mechanism in

corrodedrebarswith either single or multiple intermediate plastic hingégire2-13).

(a) (b) (©)

Figure 2-13 Inelastic buckling mechanism after Kashani et al. (2013) for (agomroded rebara symmetrical
mechanism), (b) and (c) corrodezbar(anun-symmetrical mechanism)

Equation 2.38 show$¢ degradedompressive stressrain envelop@roposed byKashani et al.

(2013).
& X= £ &y @
Th_lpyg Xzzmax{55'2'3p,cor;?
o) e 1w *
/7: ‘7f)’c,00r :l X2_1 ’ 2/7 FFIaX{ (al OQG p,co/r) 2,07%
ihz- 0.0 x-,x¥ , xk& /?0-22 . EP—
i 0.2 otherwse Peer 74100 d, - 2%,

£0.005 s/d ¢ 5
from = f,. 6 100 B7(t)g ; b { 0065 5<s/d, ¢10
t0.0125 s/d > 10

2.38
in which # and x are the nosdimensional stress and strain, respectivedyis the transverse
reinforcement spacing ard}, is the unrcorroded rebar diameteg is the softening coefficient and
is cansidered as 1 for the case ©fd, <10 and is considered as 0.75 for the cas&/ af >10;

h, is the nordimensional stress corresponding tp (in case of no buckling);f, ... is the

2

compressive strength of corroded relqr; is the nordimensional buckling parameters of
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corroded reba  is the corrosion penetration deptt(t) is the crossectioral loss rate; andb

is a regression analysis coefficient.

@ Y
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Figure2-14- Buckling model for (a) ustorroded reinforcing steel proposedblgaka and Maekawa (20pand (b) for
corroded reinforcing steel proposed by Kashani et al. (2013)

Xin et al. (2019)ntroduced the critical stress admpressivéongitudinal reinforcement in corroded
RC columns (Eq2.39) by adopting the model developed Byamundo et al. (2014fpr non
corroded einforcement. Inthis model, the maximum allowable stress of corroded comipress

longitudinal reinforcing barsvas assumed as the minimuamountof yield strength ) and
critical stress ¢, ). A new yield stress attenuationefficients , i.e., the ratio o€ritical stress and

yield stress of compres& longitudinal rebarwas usd. The inelastic critical stress proposed by

Xin et al. (2019Yor corrodedcompressiveebaris:

Sa 344G A: &l 2.39

in which

4ESEP — 4Esbl C ] =

Verfe) faa) T

E =

,0[1 . \e bl =1 elastic range
’ :’bl =0.03 yielding stag
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i} E
Tk = ZE% o comer bar

{ bs

A 48E |

'k, =—=2= foramid -face ba
f Ss

in which'O is the reduced modulus of elasticity; is the hardening modulus of steel rebar, i.e.,

E, = b E,; A, is the area of longitudinal compressive reinforcemé&nis the stiffness parameter

which is different for corner and mface bars;A, isthet i e 6 s ¢ 1 IQ & thet si eecOtsi omo me n
of inertig s is the lateral spacing of longitudingdbars and s is the transverse reinforcement
spacing.

2.3.2.Fffect of corrosion on mechanical properties of cover concrete

Berra et al. (2003dopted the corrosieimduced concrete crack width model develope/ojina
et al. (1993)as described in EQ.40, assumingthe incompresibility of corrosion productsThe

model was themodified, consideringcorrosion products' tendency to penetrate gEtL).

W, = 8y, 2ot , t=(y, 49X 2.40
d,(ns-1
t= M X 241
d,+c
whereW, , u,.,t, U, andX are the total crack widtlihe opening of each single radial crack,

rebar expansionthe ratio of the volume of corroded and worrodedrebar and corrosion
penetration depth (rebar thickness reduction), respectively. Varidplasdc are the bar diameter
andcrack extensiomithin the cover.

According to a model developed Mecchio and Collins (1986)cracking and spalling ahe
concrete cover in the compression zone was desaggededuction in compressive strength of the

concrete cover by adopting a brittle ppstak behaviour (E@.42). In this equation, the reduction
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of compressive strength followed by longitudinal micro cracks was introduced as a function of the

average strain in the transverse direction:

fe 242

:1+Kell &

c,cor

in which f___ and f_ are the compressive strength of cracked and sound conestectively,

c,cor

K is the coefficient related to the properties of relegyis the uncorroded compressive peak strain,
and g is the average tensile strain of cracked cover concrete in the direction perpendicular to the

applied compressioi@oronelli and Gambarova (200ddopted the equation developedscchio
and Collins (1986and modified it for the compressive strength reduction in the concrete cover of

corroded RC member€oronelliand Gambarova (200#4jtroducedg as:

e=(b, 1)/ ; b B E.w 243

in which b, and b, are the width of the corroded and-corroded sectionsy,, is the number of

bars

rebars undergoing corrosion, aw{ is the total crack width as ggested byMolina et al. (1993)

(Eq. 2.40). Many researchers have used Eg2 for modelling the deteriorated cover concrete in

corroded RC member¥( et al. 2016 an®eng et al. 2018)
2.3.3 Structural performance of corroded RC columns

The posipeak response of flexural columns is reported to be affected significantly by the
geometrical nonlinearity besides the material nonlineadbhakal and Maekawa 20QIhis effect

is insignificant in the columns whersheafinduced diagonal cracks govern the failure. The
combination of secondrder effects (Rlelta effect) and the local nonlinearity effects due to
inelastic material behaviousuch as buckling of longitudinal reinforcememtscompression and
concrete cover spallingffect the failure mode and pgstak response of flexural columns, i.e.
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slender columns and eccentricalbaded columnssignificantly One ofRC bridge piers’ most
common failure modg especially under seismioading, was reported @asre concreterushing

along with vertical reinforcemebuckling (Kashani et al. 20195uch effects become more critical

and significant irthe case of corrosiom which theconstitutive modl of corcrete and reinforcing
steelare adversely affectednd the concrete cover at some sections spall off. The adverse effect of
corrosion on the strength and ductilitytioé corroded RC colummdso depends on the initial degree

of confinementlt would be more pronounced in case of inadequate confinedusiti et al. 2015)

This section reviews experimental, analytical and numerical investigations on the structural
performance oforroded RC members under pure axial, lateral, and combinedatriall loading
2.3.3.Experimental investigations

Rodriguez et al(1996a)conducted an experimehtstudy to establish a relationship between the
corrosion level and the structural performance of corroded columns. Three types of columns with
different longitudinal rebars and link arrangements were fabricated. Some specimens were cast
using 3% calcium ldoride, and all the columns were cast and cured in indoor conditirm28

days. The columns with calcium chloride underwent the accelerated corrosion procedure for 100

200 days, using a constant current density of #8@cnt . The columns were then axially loaded.

It was observed that the ultimate capacity, strain at this load, and the compressive stiffness at service
load in corroded columns decrease significantly. Concrete cover cracking and spalling due to
corrosion was imbduced as the most relevant form of deterioration. Correstuced mechanical
eccentricity and premature buckling of the maimgitudinal reinforcingbard ue t o t h-e | i nk

sectional loss were observed as other relevant forms of deterioration.

Saito et al. (2007ronducted an experimental study to evaluate the structural performance of
corroded short RC columns under uniaxial compoess he crossection of the tested specimens
was 180 mm by 180 mm, and the height was 660 mm with a corrosion region of 200 mm (mid
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height). The main variables of this test were the location of corrosieside,two sides, or all the

sides), corrosiosimulation method (electrolytic corrosion, scrapped bar, and-smalround bar),

and corrosion level (20% to 80%). It was also assumed that in case of stirrup corrosionsihoccur

4 stirrups within the corroded region. The specimens were then testeduriaxial compression.

It was observed that corrosion of the maimgitudinal reinforcing barsesults instrength reduction,

and the stirrups' corrosiaontributes to strain softening behaviour in the {pestk region.

Wang ad Liang(2008)conducted an experimental study to evaluate the structural performance of
eccentrically loaded RC columns with partial length corrosion. The corrosion was performed by
adding calcium chloride to the mixing water and applying the extenmmakssed current method.

The variables of this test were the column corroded side (tensile or compressive) and eccentricity.
It was observed that corrosion changes the failure mode of the column to a more brittle pattern. For
the corroded column subjedt&o a larger eccentricity, it was observed that corrosion on the tensile
side significantly degrades the structural performance. On the other hand, for the columns under
smaller eccentricity, corrosion of the compressive was observed to have a morepednefect

on the load capacity. The relatively shorter corrosion partial length located on the tensile or

compressive side was observed to cause longitudinal cracks and reduction of confinement effects.

Xia et al. (2016¥xonducted an experimental study to quantitatively estimate the residual strength of
corroded RC columns under eccentric loading. A total of 24 RC colurerestested, including 20
corroded columns (using a combined elestrigration process and wet and dry cycles to simulate
chlorideinduced pitting corrosion) arfdur un-corroded columnsThe main variables of this study
were the stirrup spacing (100 mm and 200 mm), the loading telcttyn(50 and 90 mm), and the
corrosion level. The crossectional loss afebarsthe corrosiofinduced crack width in the concrete
cover, andthe loss of bond between steel and concrete were reported as significant factors in

reducingthe bearing cap@y of corroded RC columns. During the corrosion propagation, it was
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observed that the cracks propagate approximately parallel to the longitudinal reinforcing bars. The
maximum crack width was observed to have a linear relationship with the average ictaciBw

increasing the corrosion level, the ultimate compressive strength and the initial stiffness were
significantly reducedThe reduction rate of compressive strength was observed to increase by
increasing the load eccentricity and decreasing theugtspacing. Th@ppearance aforrosion

induced cracks in the concrete cover followed by spalling and delamination was noted as an
important factor in increasing the load eccentricity, which tends to accelerate the structural failure

of the RC column.

Vu et al. (2017)invesigated the adverse effect tfansverse reinforcement corrosion the
nonlinear behaviour of confined concrete through several experimental tests. The authors
considered the effect of corrosion level of transverse reinforcement, arrangement of confinement
and crosssectional shape of confined concrete as the main variables of theByudygreasing the

mass loss ratio of confining reinforcement (more than 10%)stifegth and ductility of the
confined concretelecreasedignificantly. The postpeak branch of the stresgain curvewas
observed tdecome steepgleading to a change of failure mode of confined concrete from ductile
to brittle. In this study, the stressrain model for the confined concrete developetbapder et al.
(1989)was modified to account for the effect of corrosion. The ma@el verified by comparing

the results to those basedtbeexperiments (for both square and circular specimens).

2.3.3. Numerical and analytical studies

Mohammed (2014)3eveloped simplified nonlinear static and dynamic finite element analysis
approaches to study the effecf corrosion on the structural fermance and serviceability of
corroded bridge columns. A simplified nonlinear sectional analysis (NLSA), simplified nonlinear
finite element analysis (NLFEA) approach, simplified hybrid linear/nonlinear dynamic finite

element analysis (SHDFEA) approaclmdasimplified norinear seismic analysis (SNLSA)
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approach were conducted to evaluate the ultimate and seismic capacity and serviceability of
corroded columns. In one of the case studies carried out in this work, twedatgdridge columns

(6 m height)with different loadovercapacity ratios were modelled (column A with load over
capacity ratio (LOCR) of 40% and column B with a laagkrcapacity ratio (LOCR) of 50%). The
time-dependentorrosion proceskor these two columns was simulated as 5% rebasssection
reduction resulting in cover cracking, 15% crssstion reduction resulting in spalling, 20% cross
section reduction resulting in one tie failure, and 30% esestion reduction resulting in two ties
failure. The integrity of the proposedonfel was then verified through different case studies by
comparing the results based on the proposed model and available experimental and analytical

results.

Seether and Sand (2016) conducted a numerical finite element analysis and experimental study on
corroded reinforced concrete beams. In this study, the commercial finite element software DIANA
was used to simulate the corroded RC beams tested by Rodriguez €3%)l.a(i® Rodriguez et al.

(1996). This studynvestigats the effects of corrosiemducedsteel rebar crossectioral loss and
steetconcrete bond degradation on the mechanical response of corroded RC beams. Among a total
of thirty-one reinforced concrete beams tested by Rodriguez €t98I6), only two beams were
selected as unorrodedandone beam was selected as the corroded RC beam. The cartrats,

and boneklip were modelled by eighitode quadrilateral CQ16M plane stress elements, discrete
truss CL6TR elements, and the interface elements IP33 CL12I, respectively. Two typesreflsmea
crack models, the total strain fixed crack model and the rotating crack nveelel, usedto
investigate the effects of smeared models on the flexural response of RC corroded beams. It was
observed that the result based on the latter type is the bésttifie experimental data. In this
numerical approach, it was assumed that one of the tensile reinforcements is attacked by the average

level of corrosion anthe maximum level attacks another daenvestigate the effect of corrosion
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level on the loatbearing capacity of corroded RC beamsisTstudy adopted two typesf
compressive constitutive modeddasticideally plastic and parabolic stressain curve. A bilinear
interaction was proposed as the tensile constitutive model with fracture eneoggtiegdothe

Model Code 199QCEB. 1993) In this study, the bonsdlip responsdor the reference beam was
adopted fom the Model Code 199EB. 1993) and the bonglip degradation was assumed due

to alack of experimental data. The material properties of corroded aondruzded samples were
adopted based on the Norwegian Code for Design of Concrete Structures NS 3473, assumptions,
DIANA library, or previously published test data. It was observed that bond degradation is not as

effective as steel bar cresection loss on the loazknter deflection response of corroded beams.

Over the past few decades, many studies have been conducted on corrosteactes in the
serviceability limit statgPlizzari et al. 2005and ultimate limit statéMohammed 2014 In all of

them artificially corroded structures have been studied to investigate the effect of corrosion on
stiffness I@s (serviceability limit statelltimate capacityand ductility degradatioruftimate limit

state). Tahershamsi (2016¢onducted a study to evaluate the effect afragion (in natural
conditiors) on the bond behaviour of RC members in the anchorage zonth@uodnsequent
degradation of structural behaviour. In this study, naturally corroded beams fromybar8il
StallbackaBridgewere taken and studied experimedly and numerically. In the first phase of this
study, the anchorage capacity of corroded beams was,tastedplittinginduced puHout failure

was observed in all the specimens. It was also observed that the bond stress and concrete
compressive strength of corroded beams with spliitidgiced cracks and cover spalling are lower

than thoseof the uncorroded beam$ahershams{2016) bund that the compressive strength of
concrete in naturally corroded beams was lower than that of identical beams under the same amount
of artificially-induced corrosion due to the possible effect of frost damage in addition to corrosion

in reatlife strudures. In the next phase of the study, the cadobeams’ corrosion level was
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evaluated througgravimetric measurements and advanced 3D optical scanning. The correlation
between the corrosion level, splittimgduced crack width and anchorage capaoitycorroded
beams was then examined experimentally. In the last phakghefshamsi's study, two types of
numerical studies were conducted under the commercial DIANA 9.5 software, i.e., (1)-a three
dimensional (3D) notinear finite element analysis (NLFEA) including frictional bond model and
corrosion model comdering the effects of bond and splitting stress formulateddnydgren (2005)

and explained in the previous section, and (2) a more simplified FEA using 1Bslypmaodel

based on the local borglip model defined in the fib Model Code (1990). In the first approach, a
3D NLFEA was conducted by modelling the concrete and reinfollwang with (3D) tetrahedral
elements (TE12L) and the interface layer with (2D) interface elements (IF6L). Concrete was
modédled using a total straihased smeared crack model. The 3D NLFEA was conducted in three
steps: corrosion, selfeight, and mechanit¥ading. In the second approadmly the concrete

was modelled using solid elementhe rebars were molded by embedded reinforcemeand the
interaction between steel and concrete was modelled using the modifieeslippmesponse
developed byLundgren et al. (2009)t was observed that the former computationally expensive
FEA predicts the overall structural behaviour of corroded beams very well in terms of residual
capacity, engslip behaviour, and cracking pattern compared to the experiments. The latter approach
was poved to overestimate the capacity of corroded beams compared to the experimental results
since the splitting action was ignorestill, it was quicker and computationally more effective.

Di Carlo et al. (2017¢onducted a 3D FEAsingcode TNO Diana (2005) to evaluate the corrosion
effects on the cyclic behaviour of ageing RC columns. Deterioration of concrete properties, steel
ductility, bond behaviour, and rebar bucklings considered the consequences of corrosion and
wasimplemented in the software according to the preWopsblished empirical relationships. It

is worth noting that in this study, the stirrups were assumed to be protected against cdkrosion.
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horizontd loading history was imposea&nd numerical analysis in displacement control was
conducted. The numerical results were then verified through a comparison with those based on the
experimental tests on meditsoale RC columns conducted at the University of Berganiddua

et al. (2014) It was found that for low levels of corrosion, everthe case of reduction in steel
ductility, the failure of the RC column is governed by concrete crushing. However, by increasing
the corrosion level t@0%, the maximum loadecreasetb 26%, and the maximum displacement

was found to reduce to 50% of the initial value @momnroded). In sucla case, the risk of rebar

buckling increasedand the premature failure of the RC member tended to occur.

One of he highly damaged beams of the Stallbacka Bridge was studied numeriddlgssin and

Miteva (2018)to describe the anchorage faduof the naturally corroded beam tested earlier by
Tahershamsi (2016). Hussain and Miteva (2018) conducted a 3D NLFEA using Diana 10.2
software. The concrete and bottom reinforcements of the beam were modelled using 3D solid
elements, while the top andahile reinforcements were modelled by embedded steel reinforcement.
Two nodes merged bottom reinforcementshi@r introduce a bundlé nonlinear fracturebased
constitutive model was used for the concratal the Von Mises plasticity criterion was used f

the reinforcement. The bond (frictioahd corrosion models were implemented into the software
using twalayerinterface elements around the redardgren, 2005)The simplysupported beam

was then meshed using 3D tetrahedral elements (TE12L) for the concrete and bottom reinforcement
bars. The interface elements were matkby Inerface elements (T18IF), and the loading plates
were meshed by triangular prism elements (TP18L) and (HX24L). In the experiments (Tahershamsi
2016) different levels of corrosion were observed for all the rebars; however, for simplicity,
Hussain and Mitevg2018) assumed identical average corrosion for the rebars. The combired non
linear analysis was conducted in two phases: (1) corrassorg a time-step analysis and (2)

mechanical displacemenbntrolled loadingThe spalling cracks induced by tfiest phase of 3B
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NLFEA followed the same pattern as the experimental results. The bond loss in both the
experimental and numerical approaches shows anchorage failure. THiefleation curves based

on both methods were observed to agree reasonablyuglththe 3BNLFEA showed an
overestimation for the maximum load due to the fact that the average corrosion was applied to all
the rebars instead of the actual corrosion level for each bar.

Kashani et al. (2017) developed a numerical model and conducgegh@rnmental investigation to
simulate the noitinear flexural response of corroded RC bridge piers. A displaceaset beam

column element was employed in the simulation. The corrasmunced cover cracking and
corrosioninduced transverse reinforceniedamage were implemented by reducing the cover
concrete strength (Coronelli and Gambarova 2004) and core confined concrete strength,
respectively. In Kashani et al. (2017) simulation, the effect of corrosion, inelastic buckling of
corroded rebars, andvecycle fatigue degradation were incorporatet e material model for
reinforcing rebars developed earlier by Kashani et al. (2015). The bond strength of rebars below
the foundation level (anchorage zone) wWassame as the bond strengttit@ un-corroded rebar.
According to the experimental results, it was observed that the corrosion affects the bond strength
of corroded rebars above the foundation level; howdvetbond failure was observed not to govern

the failure of the RC bridge piers. Theyed, the bond strength degradation of the corroded rebars
was ignored in Kashani et al. (2017). Assuniingplane section remains plane and negléu
interaction effects of direct and shear stress, a computational modet fan-linear response of
corroded RC bridge piers was developed. Based on the numerical results for-bothodeed and
corroded cases, it was observed that ignoring the buckling effect, the failure mode of the RC column
is governed by fracture of tensile bars, whereas, assuhergffect of inelastic buckling, crushing

of the compressed core concrete governs the failure. By considering the effect of inelastic buckling

in a corroded column, it was observed that the impact of the applied axial force is more obvious on
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the columrs nonlinear response. A series of momentvature analyses were conducted for the
corroded columns in case of 10%, 25%, and 50% mass loss to demonstrate the capacity reduction
due to corrosionHigure2-15, a). The axial forcenoment interaction diagrams of the corroded RC
column for 10%, 20%, 30%, and 50% mass loss were also condigtpae(2-15, b). The
numerical model was then verified by testing the same corroded column in the lab under lateral
cyclic loading. Kashani et al. (2017) showed that corrosion induced material degradation has a
significant deteriorating effect aifie nonlinear response of the RC column at the sedgosl,

memberlevel, and bridge systetavel.
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Figure2-15-(a) momenicurvature response for the-oorroded and corroded RC column developed by Kashani et al.
(2017), (b) comparison between the interaction diagram afomroded RC column and different level corroded RC
column(reproduced fronKashani et al. 2007

Deng et al. (2018Yerified the deeloped corrosion damage model (as described earlier) through a
3D FEA using the OpenSees software. A msitan simply supported (MSSS) bridge was selected
(Figure2-16) and the corrosion model was implemented into the software to inveshgdime-
dependent seismic fragility of corroded RC bridgEsis studyassumed that corrosion is only
effective on he piers and bentand the superstructure is not damaged under seismic lodding.
FEA, the girder and deck were modeltadelastic beartolumn elements, and displacembased
beamcolumn elements modelled the piers arahts. The core concrete and stesbars were
modelled using Concrete04 and uniaxial hysteretic material, respectivelytypgbearing (fixed

and rocker bearings) were modelled by a combination of bilinear materials and hysteretic material.
The abutmenteck interaction was simulateg a bilinear springncluding energy dissipation. The
longitudinal abutmensoil interaction was introduced as a spriagd the transverse interaction
between abutment and soil was neglected. The-diependent corrosion damage model was
implemented ito the software to evaluate the capacity of the MSSS bridge under different intensity

level earthquakes. It was observed that the corrosion affedisidlge's capacitynder earthquake
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loads with large PGA intensities, while it is not very deterioratimder smatintensity earthquakes.

It was also revealed that the deteriorating effect of corrosion on the strain penetration effect and
rebar mechanical properties is more influential on the seismic fragility of the MSSS bridge
compared to the other parateues.
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Figure2-16 (a) Configuration of selected MSSS bridge, (b) OpenSees model of MSSS bridge (reproduced from Deng
et al. 2018)
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Xin et al. (2019)developed a bearing capacity model for corroded RC columns under eccentric
loading to establish the relationship between the corrosion rate and bearing capacity degradation
(Figure2-17). In this studythe crosssection of the corroded RC column was divided into four
parts: cracked unconfined concrete cover, cracked confined concrete, uncracked confined concrete,
and longitudinal reinforcementea (considering buckling effects). Therrosion effectssuch as

steel properties degradation, steehcrete bond deterioration, and concrete cracking on the three
main points of the mometaixial force curvei.e., the axial compression point, the pureraing

point and the balanced failure pgimere evaluated. The interpolation points were then determined
through piecewise cubic Hermite interpolating polynomidlee curve fitting was conducted
through the trigonometric Fourier series model. The reddsed on the proposed model and the

experimental data were then compared to verify the accuracy pfdpesednodel.

- Axial compression point
-

S~
-y _ Fitting curve
~
D . Interpolation knot
ey
~

~

Balanced failure point

N

Pure bending point -~
A M

Figure 1. Moment-axial force curve.

Figure2-17 Analytical modelflowchart conducted by Xin et al. (2019)
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2.4 Frost damage

This section presents a comprehensive statbe-art onthe basic mechanism of frost damage and
structural and mechanical damages induced by fréeze cycles (FTCs)In many cold region
countries such as Canada, the use atiig salt duing the winter increases the potential risk of
chlorideinduced corrosion along with the damage caused by freezing and thawing cycles. Global
warming, known as an acceleration factor in corrosion initiation and propagatioa anitical
reason for higheFTCs frequency, has been of interest in many studies in the last debadies
best of the aut latw étwdieskinvestigatexldhe eombinedicbupled effect of
corrosion and FTCs on the structural performance and residual service jraf anfrastructures.

In this chapter, the basic mechanism of frewav (FT) (Sectior2.4.1), studies conducted on the
effect of FTCs on the mechigal properties of concrete (Sectidrt.?, studies conducted on the
effects of FTCs on the structural performance of RC members (s&ti@), and finally the

combined/coupled effect of FTCs and corrosion on RC members are presented.
2.4.1 Frost damagemechanism

Frost damage is one of the fundamental durability problems of concrete stryséutieslarly for

dams, bridges, concrete roads and pavements inctoidte countries.Freezethaw cyclescould
adversely affect the performance of RC members internally by affecting the mechanical properties
of concreteor externally by affecting the genetry of the membesuch as scaling and spalling of

the surfacewhich requires expenditures for repairs or rehabilitattdanfari et al. 2018 Powers

(1945) postulated two theories to describee mechanism of frost damage on cement paste:
hydraulic pressure and osmotic pressure. Freezing watamnient pste poredollowed by 9%

dilation resuls in excess watemoving to escape boundaries. During this process, the hydraulic
pressuregeneratd within the saturated cement paste was observed to be dependent on the ice
formation rate, distance to the escaperutaries, and permeability of the cement paste. In this case,
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the presence of a@ntraining agents tends to provide sufficient escape boundary to reduce the
disruptive hydraulic pressurdléhta and Monteiro 20Q1Powers (1945nlso proposed another
cause of frostnduced cement expansiamsmotic pressure. Cement paste capillaries corgain
solutions rather than pure water. Bwduionsdfreezing temperatuns lower than pure water. Due

to the local salt concentration gradient, osmotic pressure appears. The entropy gradient between ice
and supecooled watelis another reason for frosttacked cement paste expansibfeljta and
Monteiro 200). Water in the gel poras estimated to freeze at a lower temperature compared to
the water in larger cavities, which causes thermodynamic disequilibrium between the super cooled
water with higher energgnd the ice with lower energiydraulic pressure due to ice formation,

the crystallization and cryssuction pressures due to thermodynamic equilibrium between the solid
and liquid phase of water were also investigatedsbyng and Maekawa (2018&)rougha multr

scale numerical study. In this study, the ice formation within the pores was studied, and the micro

scale pore pressure was caltedbas Eg2.44 andFigure2-18 (a).
p = pnydrau +pcwst pcw( 244
where p, .0 Poysr @Nd p,,, are the hydraulic pressure, crystallization pressure, aneseigieon

pressurgrespectively. The effective interirgtress of the porous matrix induced by anisotropic solid
pressure and isotropic accumulated water pressure within thevpenethien calculated through a
mesoscale pormechanical approacHt was assumed that the capillary pore liquid isotropy
assumptin is not valid anymorafter crackingThe crack system internal stress was calculated as
Eqgs2.45and2.46, cansidering the liquid watgeenetration nt o t he c¢cracks accord

(liquid permeability) and increased ice volume in different direct{figure2-18, b).
Siip-cr = % § 1o 2.45
sij,a-cr = ‘%‘* -I% -ﬂyp 2.46
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and s.

ij,a-cr

where s

ip-or are the internal stresses of the porous matrix before and after cracking,

respectively;s; is the effective stress tensag; is the solid ice induced stress tensg; is the

|
Kr oneck et @dhe uhie direcaonal vector normal to a crack plane; gnis the liquid

induced stress tensdbong and Maekawa (2018howed the efficiency of agntraining agents in

frost-attacked concrete as:

DV'iee = Q 0.895.:7.), O0.Lf 2.47
in which DV ', is the iceinduced volume increase causing dama¥,.. is the original ice
induced volume increas&) is the volume occupied by air bubbl&s;. is the ice satuteon level;
f is the total volume ratio of paste ignoring the volume occupied by air buphles the volume

ratio of paste; and_, is the total air content.

1
Total Pressure ?P»--m--\ '
Peyn'
P = Piyiraw T Porpst T Poro L
v
LREy
p!f_m’mu =K (A V;M - Vu:mo(-) pcr)-sl - _WC¢ )" : A'Sﬁ : T p"’}’ﬂ = Wf¢ ’ ASﬁ' ’ T
= (%+%+ﬂ}_. AS, molar entropy of fusion
K. K, K. (=1.2Tem* K) g
K1 p : bulk moduli of ice, water, g
matrix A : pore shape factor ]
K : total bulk modulus (=0.87540.0095T)
Wero @ volume fraction of ice ” - T
and water to total voids - -
[} : void ratio . I
’/ interlayer M \
AV =AV,_ -0 .“l N f 1
s | \
AV, :total volume increment Definition of M v \ [ ||
=009y, saturation (1 \ /o (1
[ - amount of water into degree (S) I|I \ {,-"gcll'f cap '\ ,'Iailjl
entrained air Y4 . I\
Vows o volume strain of matrix \ S Air /
' " ™y
AV, = ((]_09- we—(1- S))- @ We = J- “v(r)dr =exp(=B,r) +exp(—8,,,%)—(1-5)
# : critical radius at saturation S % : critical radius of ice formation ( #(m)=(—66.7 /T + U.Q)XlU'"' )
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Figure2-18- (a) Total pressure induced by frost actiogpfoduced fronGGong et al. 2017)Xb) anisotropy of stres
and permeability caused by crackimgdroduced frontGong et al. 2017)

2.4.2 Effects of FTCs onthe mechanical behaviour of concrete

Frostattacks the concretexternallyor internally; extenally due to thermal expansion differential
between ice and concrete, which appears as scaling or spalling of the surface,acomroteteally

due to volume expansion inside the concrete pore structure, which appears as mechanical properties
deterioraion resulting in cracking and quality degradation of concrete. Curreethgral standards
are beingused in different countries to test smsdhle norfreinforced concrete members under
FTCs such as ASTM C666C666/C666M15 2015) GB/T500822009 RILEM TC 11#CDF,
CEN/TS 12390:9, 2006 and CEN/TS 151A&0.these standards have specific test conditisash

as the number of freezbaw cycles, specimesize, cycle duration, specimen age, and temperature
range. Researchers conducting studies on-flastaged RC structural members need to use an
equivalent number of cycles which are convertible to onth@fabovementioned standards to be
able to compare the results based on their studies to those based on other2.Sgttderplains

the equivalent number of FTCsN(,). Freezethaw cycles adversely affect the mechanical

propertes of concrete, i.e., compressive and tensile strength (constitutive law), modulus of elasticity
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and bond behaviour in RC members. The st&the-art ontheseeffectsis reviewed in Sections

2.3.2.22.3.2.32.3.2.4 and2.3.2.5 respectively.
2.4.2.Equivalent numbers of FTCs
Depending on the freezirmndthawing rate, moisture content, temperature range during FTCs, and

also the sample siz8¢rto et al. 2015)the number of FTCs in every tebl) (heeddo be converted

into anequivalent number of FTGss specifiedh one standariN,, ) to obtain the identical amount

of frost damage obtained based on that standedo et al. (2015) proposed a Horear function

for N, which is the equivalent number of FTC accordiogtASTM C 666 O06Proced
248.

N, = cN? 2.48
whereN is the actual number of FTCg; and g are empirical parameters dependent on the cycles

of temperature range and specimen size and are calibrated considering experimergakhdata.

and Sog (2006) conducted an experimental study on the behaviour of plain concrete under
combined action of FTCs and biaxial compression. In this studyfrédezethaw tests were
performedaccording to GBJ835 requirementswhi ch is very similar t
Procedur e Afe temperature rangs. The bnly difference is the cube size, which does
not conform to the AASTM Duabehal R0ldtsecdnductedaA o r e
experimental study on freslamaged plain concrete under wigh compression according to
GBJ8285. In thesdest setsthe temperature range and the specimen sizes were chosen within the
recommended range by t hkean@iAtaT(R01EC666 o0Redcetder F
TC 117l DC0O s p e c ifrleazathawtasts onsondreterspecimens, which is diffetiesn the
AASTM C666 Procedure A0 r ec o mrRetersgraet 42007)sthe | t i

specimens were partially immersed in water with only one side underwater, whelrzagan et

57



al. (2011) the specimens weveholly immersed irwater Thenumber of FTCs for the same amount
of damage in Petersenet@2 0 0 7) 6 s s peci men doldsvadthat iaHasngadeha.d t o
(2011)tests, i.e.,N

=2.5N (Qin et al. 201Y. Table 21 compares the number of FTCs

Petersen Hanjar

according to different procedures af@in et al. (2017)
Table 2-2 summarizes the calibration results far and gaccording to the aforementioned
experimental studies conducted Bgrto et al(2015) andQin et al. (2017)Qin et al. (2017also

proposed theN,, following test data obtained in their stud, =8.542 310° N>,

Table2-1- Equivalent number of FTCs based on different experimental studies and ASTM C666 p€io. &t &l.
2017)

Ngin N, (ASTM C666 proc. A) Npoereer(RILEM TC1761DC)
100 50.07 13.27
200 130.67 40.03
300 229.03 76.25

Table2-2- Calibration of € and g conducted byerto et al. (2015) and Qin et al. (2017)

Calibration of ¢ i N,
q Experimental study Standard c g

and g Berto et al. (2015)
Berto et al(2015) Shang and Song (2006)  GBJ8285 1.36 1 Neq =1.36Ngpang and son
Berto et al(2015) Duan et al. (2011) ASTM C666 1 1 Neg = Nopuan
Qin et al.(2017) Hanjarietal. (2011)  ©ooMTC 1171 087 N =1174Ny)™”

. RILEM TC _ 087

Qin et al.(2017) Petersen et al. (2007) 7pc 1171 087 N, =11.79 2.3, 000

2.4.2.Zompressive constitutive models of frostiamaged concrete

Frozen water mainly causedernal frost damageithin the pore system by expansion and micro
cracks developmentt adversely affectsoncrete’'s mechanical propertisach as the constitutive
model in compressioMany researchers have widely investigated the behaviour ofdaosaged
concrete in tension and compressiBhang and Song 2008asan et al. 2008janjari et al. 2011,
andBerto et al. 2015Hasan et al. (2004)eveloped a constitutive model for concrete subgettie

combined actions of FTGasmdmechanical compressive loading based on the plasticity and fracture
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of concrete elements (adopted friviaekawa 1985 Ma e k awa 6 s e | aassumgdlthats t i ¢
concrete is made of a series of parallel constituent elentdstan et al. (2004htroduced a new

fracture parameter due to FTCsiawct(& ) by experimental data calibration in addition to the
fracture parameter due to mechanical loadikg)( introduced earlier by Maekawa (1985). The

FTC fracture parameter is a function of the equivahdssstic strain (Eg2.49). It is representative

of the initial stiffness degradation due fteezethaw action.The mechanical fracture parameter
appears since the unloadingeloading stiffness is not constant because tleé possible

mi crocracking and coll apse of mortar samed agg
unfractured elements with less plastic strainregjain their loagtarrying capacity once the applied
compression cancels out the plastic tensile strain. Accordingly, Hasan et al. (2004) introduced
another parametem in addition to the fracture parameters to account for the mentioned
phenomenon. The modified compresssessstrain relationship proposed by Hasan et al. (2004)

is presented in EQ.50 andFigure2-19.

b=e 2.49
S=a iK,G(E -E) 2.50
E,=E,, -al e"); :270 2.10E, ©.3£,%b=035+0.2%, 0.1&° 2.51

in which 6 is the FTC fracture parameteg  is the FTC equivalent plastic strammjs the
effective parameter proposed by Hasan et al. (20R4)s the mechanical fracture parameter as
proposed by Maekawa (198%}, = 2.0 as proposed by Maekawa (198E);s the equivalent strain

and; E, is the equivalent plastic strain which was adopted from Maekawa (1985) and modified by

Hasan et al. (2004) to account for #feect of FTCs as well as mechanical loading effects.
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by Orignal curve (undamaged concrete)

E

Figure2-19- stressstrain relationship for the damaged concrete after Hasan et al. (2004)

Shang and Song (200B)vestigated the effects of FTCs on the static compressive strength, stress
strain relationship and failure mode of plain concrete subjected to biaxial compression (different

stress ratiog = s/ s, as shown ifrigure2-20) after FTCs according to the GBJ383 standard.

In this study, the biaxial behaviour of plain concrete after FTCs exposure was olseetedorate
significantly due tahe presence and gnah of microcracks within the interfacial transition zone.
Freezing and expansion of water inside the interface zone and the thermal stress induced by FTCs
were introduced as the main reasons for crack propagation inside the concrete subjected to repeated
FCTs. The biaxial compressive strain at the peak stress was also observed to increase after repeated
cycles of freezing and thawing due to a significant decreas® tompressioftarrying capacity

of the deteriorated concrete. The biaxial ultimate casgive strength of the plain concrete was
reportedto behigher than the uniaxial ultimate compressive strength of the same plain concrete
under the same number of FTCs because of the presence of the transverse confinement stress for
the specimens underaxial stress$hang and Song 2008)ower initial stiffness and more pest

peak ductile behaviour were also reported by Shang and Song (2006) foe dktdriorated

specimensKigure2-21).
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Figure2-20 Stress directions in the study conducted by Shang and Song<2G6% ratiog = .g/ $
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Figure2-21 Effect of FTCs on the compressive strefimin curves of plain concrete (under diffdretness ratios) tested
by Shang and Song (2006) after (a) zero cycle of FT, (b) 25 cycles of FT, (c) 50 cycles of FT, and (d) 75 cycles of FT

Hanjari et al. (2013adopted the compressive constitutive modeThgrenfeldt et al. (19873nd
modified it for frostdamaged concrete considering théowing factors (Eq2.52 andFigure2-22):
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i. A 50% redation in compressive strength after frost attécindi Hanjari et al. 2009a)
il. Lower initial modulus of elasticity and larger peak stri@r the damaged specimen (Shang
and Song 2006 and Hasan et al. 2004),
iii.  Variable stiffness for the ascending branch ofdmaged concrete's strestgin curve due
torandomly oriented cracks and the possibility of regaining a portion of lost stiffuesg d

loading (Ueda et al. 2009 a@andi Hanjari et al. 2009b)

a
[o5]
_ .4 e @ n
scc_fcc oeed '% o nk 2.52
C%c 3 a e O
?'1365 0
Q cc -

in which s, and e are the stress and strain in the damaged concrete, respecfiedyid . are

the compressive strength and compressive strain at the peak stress for damaged concrete,

respectively; E¢ and EJ are the secant and tangential modulus of elgsti damaged concrete,
respectively, and were determined B$= f2/e’ and EJ =0.95 -6 (Petersen 2003) in which

ES is the dynamic modulus of elasticity of damaged coecrend thecorrelation factor: andk
are given by:

n= € 2.53
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Figure2-22 Comparison of analytical stresgrain relationship represented in Eg. 3.9 after Hanjari et al. (2013) and that
based on experimental data afiéandi Hanjari et al. (20096dr damaged and udamaged concrete

Berto et al. (2015) conducted a numerical and experimental study to evaluate the treepked
thaw-mechanical effects on the structural performance of RC beams. The coupled effects-of freeze
thawinduced degradation and mechanical behaviour were proposed by extending the previous work
by Saetta et al. (1999%aetta (2005)andBerto et al. (2014)Two different scalar environmental

damage variablesl’ A and d_ 6 were defined in addition to the earlier established mechanical

env

variables d* andd . The constitutive law for coupled environmental/mechanical effects was

described in Eg 2.55, 2.56, 2.57 andFigure2-23.

2.55

where
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e a (67
d+ = r0+ eXpeA+aé|. £—+ ou
r e ¢ fo =
. R 2.56
r' e a r' C
d =1 -,/%(1 A) AexpéB al |~ ¢
r x \r,~ ¢
E ¢ o =
and

dg, = agN, @
o= a0 Ny {N,, N)(as ag) 1
2.57
where s is the Cauch stress tensors ™ and 5 are the positive and negative parts of the effective
stress tensord "and d” are the positive and negative coupled damage variablesctaly; r,

and r, are the initial threshold variables; and r- are the current threshold variables;, A", B’

, a; ,a;l , and a;,z are model parametersvhich were calibrated according to different test
parametersN,, is the equivalent number of FTCs as described irPB§, and N, was defined as
the value ofN,, correspondingo the sudden change in the evolutiordgf, as described iBhang
and Song (2006)'he compressive strength reduction due to FTCs was then proposed fraBbE(.
as:

d
f]%:l d;, F agN, 2.58

C

in which f¢ and f, are the compressive strength after and before theifrdsted degradation.
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Figure2-23 Constitutive law for frostiamaged concrete propgasby Berto et al. (2015)

Li et al. (2017 yeportedall the damaged mechanical properties of concseieh as tensile strength
and modulus of elasticifyas a function othe deteriorated concreteompressive strengtfihe
authors believed that due tioe variety of specimen sizes and method freezing and thawing in
different experimental studies, conducting a regression analysis based on ddfgreninents
requiresconvertingdamaged comprswe strength to aormalizedindex of damage dgee for
frostdamaged concretéi et al. (2017)introducedthe relative compressive strength (RC®e
ratio between the damaged anddamaged compressive strengths, aeraalizeddamage index

By introducing the dimensionless index (RCS), the fdahaged modulus of elasticity and frost
damaged tensile strength were proposeautth curve fitting.

2.4.2. 3 ensile constitutive models of frosdamaged concrete

Many researchers havexperimentally investigated the effects of FTCs on concrtetesile
behaviourthroughtensile and wedgsplitting tests $hang and Song 2006 aridndi Hanjari et al.
2009h. Most of them reported skgly higher FT effects on tension behaviour compared to those
effects on compression behaviour. Duatack of knowledge about the softening behaviour of

frostdamaged concrete, which is essential for numerical modelling, a bilinear relation between
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tensle strength &, ) and crack openingy) was proposed bandi Hanjari et al. (2009bas shown

in Figure2-24.
4
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Figure2-24 s, -wrelationship proposed I&andi Hanjari et al. (2009b)

The relationship between the compressive and tensile strength efidrostgd concrete was
proposed byHanjari et al. (2013)Eqg. 2.59 andFigure2-25) using previously tested specimen data
and the compressivensile relationship for the undamaged concrete as establishieelNtodel

Code 199(QCEB. 1993)
f":0027(fd)1'2 2.59
ct : C "

in which f¢ and f¢ are the tensile and compressive strength of flestaged concrete

respectively.
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Figure 2-25 A comparison between the compressigasile relationship for damaged anddamaged concret
established by different experimental tests and Hanjari et al. (2013)

Berto et al. (2015proposed the ratio of tensirength of damaged to «tamaged concrete using

the coupled environmental/mechanical degradation parameters describe@.5bEeggure2-26).
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According to the experimental data establishedShgng and Song (2006he valueagy2 was

calibrated asy, =0.0017. While there was not enough evidence for the valueg, pfindN_, a
linear relationship between the positive and negative environmental damage vadgbesl d_

, was proposed byerto et al. (2015)as d_

env

=1.29d_, +0.22 ¢, and the tensile strength

degradation was suggested as

=14, 2.60
ft
100 m T . . - . '
— FTD model
BO T B Shangand Song
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B
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Figure2-26 Tensile strength degradation proposedyto et al. (2015)

Li et al. (2017)roposed a relationship between the relative compressive strength (RCS) and frost
damaged tensile strength as E¢1 andFigure2-32 (a) through a regression analysis based on the
test results conducted Hyizhi (2010) and Hanjari et al. (201). The tensile strength of frost
damaged concrete was measured through splitting te§hiblgeng (1997 Xiaodong (2007)and

Hanjari et al. (2011)and it was measured through uniaxial tensile tekizii (2010)

2 d
£ :o.3ozfﬁsge1_.0412§]§7 - 0.0412! 261
C c
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in which ¢ is frostdamaged tensile strength of concrefg;is the compressive strength of-un

damaged concrete; ani’ is the compressive strength of frastmaged concrete.

2.4.2./Modulus of elasticity

Shang and Song (2006pserved a significant reductiarf the modulus of elasticity of concrete

after differentFTCs and under different stress rafias shown irFigure2-27). In the experimental

study conducted by Shang and Song (2006), a 62% reduction in elastic modulus after uniaxial
compression and 50 cycles of FTCs was observed. It was also observed that under biaxial
compression with a @ss rati@ = 0.5, a59% reduction in elastic modulus under the same number

of FTCs occurs. The authors also noted that confinement (increasing the stress ratio) increases the

elastic modulus of concrete under the same number©@$ fFigure2-27).
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—l— ={).50)
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251
2
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'| I
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Number of cycles
Figure2-27 Effect of FTCs and confinement on dynamic modulus of elasticity of concrete after Shang and Song (2006)
Petersen et al. (200pyoposed a linear relationship for the freéizaw induced change in static
modulus of elasticity Kigure 2-28). In the experimental part of this study, the uneven internal
damage (dynamic modulus of elasticity) along three different distances from the exposed surface

and along two different locatigrfrom the specimens (with two different compositions, A1 and B)
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were measured through ultrasonic measurement, and the mean value for all these six values was
introduced as the equivalent internal damage. According to the test data and through regression
analysis, a linear relationship for the decrease of static modulus of elasticity due to internal damage

propagation was proposeigure 2-28).
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Figure 2-28 Static modulus of elasticity degradation due to FT agmnoduced fronfPetersen et al. (2007)

Zandi Hanjari et al. (20091also proposed a significant reduction in the modulus of elasticity after
FTCs exposure. Ihis study, thirtytwo plain specimens were damaged under FTCs according to
RILEM TC 1761DC recommendations. In this standard, the specimen is called damaged only if the
relative dynamic modulus of elasticity (RDME) reaches a ratio beld. &ndi Hanjari et al.

(2009) observed that only after 20 FTCs, the RDME rea@d@%, followed by a lower rate of
reduction for the higher number of FTG3dure2-29). In a subsequent studyianjari et al(2013)
proposed a correlation between the dynamic modulus of elasticity and compressive strength of frost
damaged concrete according to the previously published tesStatag and Song 2006 azdndi

Hanjari et al. 2009b)
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wherea=52.8,b =30.4¢c

=3

2.62

d
Ep .

I+ ¢
¢ch =

in which ES, f2are the frosdamaged dynamic modulus of elasticity and compressive strength,

respectively;and a, b, andc are the model parameters, which were defined through regression

analysis on the test data Bhhang and Song (2006) aBdndi Hanjari et al. (2009)
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Figure2-29 RDME-number of FTCs proposed by Zandi Hanjari et al. (2009)

Berto et al. (2015proposed a modébr the reduction in the static modulus of elasticity after frost

action as a function of the equivalent number of FTRg, | and the model parametes,() (Eq.

2.63). It was assumed thtte effects of frost action are similar on the elastic modulus and strength

(identical model for strength and modulus of elasticity as described &38mnd Eq.2.63).

= =1 N, 2.63

S
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Berto et al. (2015combined the relationship mddeetween static and dynamic modulus of
elasticity with Eq2.63to propose a model for the relative dynamic modulus of elasticity (RDME)

or reduction in dynaic modulus of elasticity after frost action as E64.

d
dyn

E

dyn

= 0—1_9 (1.06 -a;N,,) 2.64

. . d
in which EY, E,, Ey,, E

4o are the damaged and-damaged static modulus of elasticity, and
damaged and udamaged dynamic modulus of elasticity, respectively. As show#gure 2-30,
the damage model was then verified using previously published experimental data through

regression analysiSbang and Song 200®uan et al. 2011, andanjari et al. 2011)
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Figure2-30 Verification of Eq.2.64 as proposed by Berto et al. (2015)

Considering the uneven frost damage distribution along the-seotssn of the membeQin et
al. (2017)proposed a model for RDME as a function of the number of FTCs afrdshdamage
depth (Eq2.65 andFigure2-31). Three main assumptions were made in this model: (1) th
environment arond the concrete member was constant, (2) the RDME was assumec
constant before the number of FTCs reddtsecritical value, and (3) the RDME was assume!

decrease linearly after the critical number of FTCs.
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£ 1 if Ng, ¢ N,

RDME =] . _ .
11-m(Nyo -N) 8% if N, N
N, =0.9% +3 2.65
_(1.3- 0.00&)
M=o

where N, is the actual number of FTCEgble2-1); N; is the critical number of FTCs at whic
the RDME starts to decline at tfi@st depth x ; and m is the corresponding decline for tl

linear decrease.
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Figure2-31 Proposed RDME model for the fredamaged concrete member by Qimlkef2017)

Qin et al. (2017xombinedthe relationship between the compressive strength and the dy

modulus of elasticity from the British Code of Practice for StmattUWse of Concrete CP11!
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1972 (g, =22 +2.8/ f. ) with Eq. 2.65to proposghe dynamic modulus of elasticity of froze
thawed damaged concrete with different damage déith 2.66).
E'yn = RDMEE,, 2.66

dyn, i
The elastic modulus of frostamaged concreteE{') was proposed by.i et al. (2017)as a

function of the relative compssive strength (RCS) rbugh curve fitting based on earli

experimental data such as thatlgnjari et al. (2011and Hasan et al. (2004Eq. 2.67 and

Figure2-32b).
2 d
10° ;| f
El=———— —1.4238° -0.4238 2.67
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Figure2-32 Correlation between the relative compressive strength (RCS) and (ajldrnaged tensile strengt
(b) frostdamaged modulus of elasticifseproduced fronki et al. 2017)

2.4.2.8Bond behaviour

Thedeteriorating effectef FTCs on the bondlip responsef RC membersave beelnvestigated
by many researche(Bagerlund et al. 199Zandi Hanjari et al. 2009landPetersen et al. 20Q7)
Fagerlund et al. (1994gporteda 30% to 70% reduction in bond strengflandi Hanjari et al.
(2009b)reported14%-50% bond deterioration for the cases ofaandge level of 25% and 50%

reduction in compressive strength of frdsimaged concrete, respectivadiygure2-33).
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Figure2-33 Deteriorated bondglip model proposed by Zandi Hanjari et al. (2009b) for fdzshaged concrete

Petersen et al. (2003%)udied the effects of FT@sdthe absorption of capillary water aoncrete's
mechanical behavioumcluding the bond behaviouthrough experimental tests and numerical
analysis. A puHout test was conducted to evaluate the bond deterioration of specimens exposed to
the FTCs from the smaller cover side. The bond between concrete and reinforceypersatring
tensionstress around the rebar. Tiemsion stress excedead the concretetensile strengtimitiates
damage(Petersen et al. 20Q7Jhe variation of bondlip behaviouras a function othe RDME

during frost action was proposed Bgtersen et al. (200{igure2-34, a). This study investigated
different levels of frost damagease A, case B, and case C). In case A, the internal frost damage
propagated only irthe concrete cover and the interaction between steel and concrete was not
affected. The ascending branch of the bond tensstip curve was observed to follow the-un
damaged curve; however, the maximum bond stress was reduced due to the concrétenapser

and the slip at the maximum bond decreased sligRityure 2-34, b). By propagatingthe frost

damage to the interface between concrete and reinforcement, the maximum bond strength and the
slip at the maximum bond stress were observed to decrease and increase, respElcévely.
deteriorating effects were also investigated analyticatlypting the boneslip model presented by

Kreller et al. (1990) astheuha maged case. Krell er etheMadel. 6 s m«

Code 199(CEB 1993)and defined the bond behaviour at different distances from the Eiigcke
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2-35). Thefrost action effect®n all the parametexsf the bondslip response athe Model Code

1990(CEB 1993)wereevaluated and then compared to the original curve
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Figure2-34 (a) The variation of bondlip behavioues a function oRDME during frost action proposed by Peters
et al. (2007) (b) The deteriorated bond tensislip relationship for three cases of frost damage proposed by Pel
et al. (2007)
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Figure2-35bondslip response as a functiondiétance to crack proposed by Kreller et al. (1990)
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td
The ratio between the damaged tedamaged bond tensio?ﬂ(@) was proposed bipetersen et al.

max

(2007) as:

d
U =0.17 +0.007 RDME 2.68
The quantitative valisfor theslip reductionat maximum stress in case of ldevel frost danage
(90%<RDME<100%), when damage only occurs at the cover, and increase in the slip for a higher

level of damage (RDME<90%), when damage propagates toward the interaction zone beveen reb

and concrete, were defined as:

2| oM 3s for 90%< RDME < 00%
& 0%, ° ‘ 2.69

i(335- 0.8° RDME)® 5, for ~ RDME<90%

The bondslip relationship for each level of frost damage before the maximum bond stress was

defined as EqR.70 andFigure2-36.

3 Zax 2.70

bond tension */

0.0

0.0 0.2 0.4 0.6 0.8 1.0

slip (mm)

Figure2-36 frostdamaged bonglip model after Petersen et al. (2007)
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Hanjari et al. (20133ssumedaero bond strength for the areas where the concrete cover spalled off
entirely due to frost attack. The bond behaviour for the areas where the covemgéditie(albeit
cracked) was adopted frotrundgren et al. (2009)which accounts for the intermediate case
between confined and toonfined (Eq2.9). Theratio of maximum bond stressf frostdamaged

to un-damaged concrete was adopted from Petersen et al. (H¥2)68).

The proportional relationship between the residual bond strength reduction and the bond capacity

reduction was adopted frodandi Hanjari et al. (2009 l§)Eq2.71).
19 = 271

wherez“fj Jte, et arethe residual bond strength for frdsimaged and udamaged concrete,

max? © max

and bond capacity for frostamaged and udamaged concrete, respectively.
2.4.2.&urface scaling

Freezethaw cycles could adversely affect the performance of RC members internalfgdtyngf

the mechanical properties of concrete and cracking (as discussed in S24tihA2.4.2.3,2.4.2.4
and2.4.2.5 or externally by affectig themember geometrysuch as scaling and spalling of the
surface (Hanjari et al. 2013). The external surface of concrete members subjected to FTCs, in the
presence of moisture and/or-éng salts can be easily damaged and scatbts phenomenon is

called surface scaling or frost scaling. Saitst scaling called unsealed freezbaw, occurs when

the concrete surfacés in contact with a solution while it is freezing. In addition to the salt
concentration, safrost scaling is highly dependent onet nature of FTCs, i.ethe minimum
temperature during freezing, rate of FTCs, and duration of FTCs, which affect the moisture content
of the surface concre{€agerlund 2004)it is worth noting that surfaces damaged by FTCGhén

presence of salt and without salts are treated differently. Theveight loss in frosamaged

concrete,DQ(kg/ nf) , was measured in many experimental studiagerlund (2004proposed a
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linear relationship between the number of FTG$ &nd the weight lossyhich can be easily

converted to the scaling depth in the cogeby dividing the mass loss by the éywlk density,g.
According to the test data conductedUydmark (1998)andassuming uniform mass loss, for the

case of concrete with water to cement rati®\6fC = 0.4, a salt concentration of 3% NaCl solution

and a minimum temperature P2 C, a linear relationship obQ =0.043N can be proposed.

2.4.3 Structural performance of frost-damaged RC members

A reliable assessment method to predict the-tmadying capacity and remaining service life of
deteriorating structures is crucial for a repair strategy anchized maintenance plan&s briefly

reviewed, numerous studies have been conducted on the deteriorating effects of FTCs on the
concrete and bonslip response propertiesoT t he best of t hHhereiastitahor 6s
scarcity of numerical invegfations on the structural performance of 1eadle frosdamaged RC
members, especially RC columr@nly a few studies have been conducted on the-ldying

capacity and remaining service lifeshallscale frostdamagedtructural members.

Petersen et al. (200€pnduded an experimental/numerical study to investigate the effect of FTCs

on the bending behaviour of damaged RC beams considering the effect of degraded bond behaviour
and RDME. In this study, the formulation developedRnlak and Blackwell (1998jpr beam

flexural behaviour prediction was modified to account for the effect of FTCs by implementing the

deteriorated bond and RDME into it.

The nonlinear compressive constitutive law frothe Model Code 1990(CEB 1993) was
implemented into the code. Polak@d ac kwel | 6 s model was dewvel ope:
sectional analysis and accoedfor tension stiffening (additional force from the bond). Beam's
crosssection was divided into finite numbers of horizontal sirgpsl the iterative analysisas

conducted until a linear strain distribution was reached
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A linear elastic behaviour was performed for the uncracked portion of the seciibthe effect of

tension stiffening was added to the calculation after cracking. The generated rcanvatire

curve for the frosttamaged and udamaged beams with two different combinations (combination

A, w/c=0.6 and combination B, w/c=0.7) was tlempared to that based on experimental results

conducted by the authors. A good agreement between the results showed the accuracy of the

proposed deterioration modé&ligure2-37).
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Figure2-37- Flexural behaviour of frost damaged anddamaged beams according to the experimental and numerical
study conducted by Petersen et{2007) (a) Composition A (w/c=0.6), (b) composition B (w/c=0.7)

Hanjari et al.(2013) conducted a numerical methodgldg predict the structural behaviour and
mechanical properties of reinforced concrete structures attacked by frost damage in the ultimate
limit state. In this study, two types of frost damage were considered, internal frost damage and
surface scafig, which affect the mechanichaldnd properties and geometry, respectively.

In the first part of the study, an analytical approach was conducted to investigate the effects of frost
damage on the compressitansion strength relationship, compression and termbaviour, and

bond properties of the reinforced concrete memberefaswedin the previous sections in detail).

In this study, the compressive strength and dynamic modulus of elasticity were introduced as the

indicators of frost damage.
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According to Fgerlund et al. (1994), the compressteasile relationship of frostamaged
members was adopted by curve fitting. The authors also adopted the compressive constitutive model
by Thorenfeldt et al. (1987) and modified it for frastmaged concrete memberSuch
modifications were made by considering a 50% reduction in compressive strength fedtgr

attack, lower initial modulus of elasticity and larger peak strainth®damaged specimen (Shang

and Song 2006, Hasan et al. 2QG8)d variable stiffnesof the ascending branch of the stress
strain curve of damaged reinforced concrete members (Ueda et al. B@@§ri et al.(2013)
proposed théilinear tensile strengtbrack opening relation developed Bpndi Hanjari et al.
(2009) as the best option for thensilebehaviour of frosdamaged concretsince it considers
softening effects which play assentiatole in the analysis of frostamaged concrete.

Based orthe Model Code 199(CEB. 1993) the bond stresslip relationship was proposed for
frostdamaged concrete. For both regions watltompkete spalled cover opartial cover, the
interpolation proposed by Lundgren et al. (2009) was adopted for the bond strength. In the second
part of the study, considering the assumptions made in the analytical part, a numerical 2D finite
element analysis wanducted using DIANA software and then verified by comparing the results

to those based on an experimental study conducted by Hassanzadeh and Fagerlun@ih@006).
concretewas modelledusing fournode quadrilateral plarsress solid elements aacdsmeaed

rotating crack constitutive model.

The longitudinal bars were modelled using taade truss elements, and the baiid relation was
adopted to model the interaction between steel and concrete. It was observed that frost damage
affects the material pperties resulting in a change of failure mode from ductile to a more brittle
one.The test and numerical results were slightly different for the beams with larger cross sections

due to the lack of information about frost damage distributtassanzademd Fagerlund (2006)
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observed that in the beams with larger cigsstion, the FTCs affect the surface more than the inner

concrete

A two-dimensional nodlinear finite element analysis using a program called WCOMD was
performed byHayashida eal. (2014)to investigate the effect of FTCs on the structural behaviour

of RC beams. A total of six specimens (without transverse reinforcement), including samples which
are attacked by frost damage from the compression side, samples attacked fiemsitimeside,

and the reference sample without any frost ajtaeke analyzed in this studyhe results were then
compared to those based on experimental data conducted by Hayashida et al. (2012)-nadeight
isoparametric planstress element was uskdthe finite element analysis. Smeared cracking and
distributed reinforcement models were adopted for concrete and steel rebars. For implementing the
tension stiffening effect, a default bonding parameter was adopted within the tension zone, and the

fracture energy was computed to be used within the compression zone of RC beams.

The correlation between ultrasonic propagation velocity and compressive strength of the identical
cylindrical specimen made from the same RC beam concrete was used to findhgressive
strength of each element at different locatiofbe second approach calculated the average
compressive strength of elements along the longitudinal diredtiras observed that the finite
element analysis resultid not match thexperimental results where the RC beams lost the shear
rigidity due to the damage in the compressive zone or the bond strength deterioration due to the
attack in the tensile region.

Berto et al. (2015¢onducted a numerical and experimental study to evaluate the coupled freeze
thaw-mechanical effects on the structural performance of RC beams. The FT degradation model
was developed as explained in the previous sectaomsdeteriorated mechanical properties were
calibrated according to the test data conductebuimn et al. (2011&nd Shang and Song (2006)

The deteriorated mechanical properties were input into the fieiteemt code OpenSees, and eight
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beams (with transverse reinforcement) were simulated usingntmeplanestress elements for
concrete. The embedded longitudinal reinforcement and stirrups were mpalediaching a perfect
bond. Thebeams' structural penfmance and failure modeere analyed and the results were
compared to those based on experimental dddaganzadeh and Fagerlund 20@6¢valuate the
accuracy of the proposed degradation model.

The loaddeflection curveof the damaged beams based on the numerical and experimental study
was simibar. However the initial stiffness based on the numerical study was overestintatpae

2-38). Two possible reasons for that were repar{@d the model assumed that the compressive
degradation model is similar to the modulus of elasticity degradation model (as explained in the
previous sections), and (®)e perfect bond assumptioA.change of failure mode from ductile (for
undamaged beant brittle (for frostdamaged beam) was observ&te loaddeflection capacity

of the degraded beams was reported to decrease significantly compared to the reference beams.
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Figure 2-38 A comparison between the lodeflection based on the numerical study by Berto et al. (2015) and
experimental data (Hassanzadeh and Fagerlund 2006)

Qin et al. (2017¥tudied the seismic behaviourRC columns subjected to freeteaw cycles. In
this study, four identical columns were tested experimentally. Four RC columns underwent 0, 100,

200, and 300 freezinaw cycles according to the Chinese code GB/T5IX®. The specimens
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were then recast m a foundation, and low cyclic loading was applied at the top of the columns.

According toBerto et al. (2015andPetersen et al. (2007N,, and RDME were calculated (as

explained in the previous sections).

The compressive strength damagedconcrete was then calculated according to the regression
analysis byHanjari et al. (2013)Eq.2.62). The peak strain, ultimatgrain and ultimate stress were

then calculated fothe confined and wtonfineddamagedspecimens and were implemented into

the OpenSees softwamkll columns were simulated in the software using the displacebsssd
beamcolumn elementignoring the lond-slip phenomenanit was observed that the results based

on the proposed FE simulation and the experimental tests are in good agreement before the peak
point. It is slightly apart after the peak due to ignoring the ksliplbehaviour in the implemented
freezethaw damage model. It was also observed that #d&3not tend to change the failure mode

of the columnsand all the columns experienced flexural failure.

Liu et al. (2019ronducted a seismitagility analysis on recycled aggregate concrete (RAC) bridge
columns damaged by FTThe authors adopted experimental data from the literahde&eveloped

a new freezé¢haw damage model. The damage model was then integrated into the finite element
software OpenSees. Nine RAC columns tested by Liu et al. (2018) were simulated in this study. All
the specimen parameters were the same, and the only variables in this study were the number of
FTCs (0, 40, and 80) and the RCA replacement ratio [0% (repressmiamhventional concrete,

NAC), 50% (represented as RAC50) and 100% (represented as RAC100)] to investigate the effect
of these two parameters on the seismic belavid frostdamaged columnd.iu et al. (2019)

adopted the cyclic stressrain model fothe frostdamaged RCA columns developedLlby et al.

(2018) as shown irFigure2-39 and described in EQ.72
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Figure2-39 (a) Residual strailsl'pI versus unloading stra®,, (Liu et al. 2018b), (b) General constitutive model for un
confined frostdamaged RAC column (Liu et al. 2019)

65.783 w= 0%
M= Fn 251/(0.308 6.120) |=4.407 w 500 2.72
}3.475 w= 100%

wheree ,e,. ,e , and w are the residual strain, unloading strain, peak strain, and RAC

pl? Zun 1 ™c

replacement ratio, respectively. To ensuge is always less tharg,,, Liu et al. (2019) set a

n?

limitation as follows:

e
S _0958% for & 20958 273
ec (,e Ce C

For confined frosdamaged RAC columngju et al. (2019) adopted the model proposed by Guo

(1999):

A,x {3 2A)% (A, 2% 0 x @
X8, (x 1) x¢ X 10

y
2.74

—> ——D:

y

wherey andx are the normalized stress and strain with respect to the peak stress and peak strain,

respectively. Factorgy and B, were defined as, =(1 4.8,) A and B, = (1 -1.75’t°'55) B, at
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which A and B are model parameters any was defined by Guo (1999) as confinement, i.e.,
/.= g f,/f.(f,=yield strength of transverse reinforcement). According tatwementioned

equations, Liu et al. (2019) determined the peak stressteaid for the confined frostamaged
RAC. Therebar stressstrain responsewas adopted fronthe isotropic strakihardening model
proposed by Menegotto et al. (1978Bhe isotropic hardening parameters were defined as the pre
defined values of OpenSees. The Bond_SP01 model of OpenSees was used forshp bwuel
considering the end of the aohns are not damaged during FT@sd the urdamaged concrete
strength was used in the software for determining the slip amboatauthorghenconducted a
sectional analysis to investigate the effects of frost damage at diffeyetin levelsLiu et al.
(2019) investigated the maximum depth of frost dam#ugestandard and nestandard FTCs
relationship and the distribution of frost damad®DME), consideringan uneven damage
distribution The proposed model was then verified by comparing the sesiuthe OpenSees

simulation and thexperiments

2.5 Structural performance of RC members under combined actions
of FT, corrosion, and mechanical loading

In many cold regios, such as Canadasingde-icing salt during the winter increases the potential
risk of chlorideinduced corrosion, which could be combined with carbonatidaced corrosion

and accelerate the corrosion process. Global warmangascelerating factor gorrosion initiation

and propagation. Furthermore, global warming could lead to higher FTC frequency in cold region
affectingthe structural performance and service life of ageing (corroding) infrastructures. To the
best of t he afewdiudieshae deamvadudeccoth the combined/coupled effects

of FT action and corrosion on the structural performance and remaining service life of ageing
structuresDiao et al. (2011ronducted an experimental study to investigate the effect of coupled

environmentamechanical action on the structural performance of RC columns. In this test, the
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specimens underwent corrosion and fretbesv deterioration followed bysustainedload
apgication. Four groups 000 100 2*10(mm plain concrete specimens were tested und&D,

201, and 300 FTCGsnd the compressive strength of each group was deteropagdcompletion

of the testIt was observed that by increasing the nundfd-TCs, the compressive strengthtiod
specimenglecrease The structural performance tests were carried out on five RC columns with
100® 20C mm crosssection and 706nmlong span attached to two brackets at the ends. The FTCs
were applied according t o ttdineperoSnareenahddurdbility or t
of ordinary c¢ o R009)entChitaeathGreezehaw syel® &8s for four houyrand

the temperature varies between 8%20 t o  PCl Aftél 2W@y three cycles, the specimens were
immersed in a solution of 3% sodium chloride (NaCl) and 0.34% magnesium sulphatesfMgSO
for twelve hours. The sustained loading was simulated by tightening the bolts attached to the spiral
rebars at the end bracket.typical tensiorcontrolled flexural tensile failure was observed for the
specimens without any FTCs, seawater corrosion, and sustained loading0YC6dar the
specimens under coupled environmental actions and zero sustained dq&igl), a 25.8%,

4.6% and 11.5% reduction in crackingelding and ultimate load were observed, respectively. It
was also observed thall the stirrups were corroded for these types of specinagils70% of the
longitudinal rebar w&scovered with a thin layer of rust. Bydreasing theustainedoading ratio to

0.2 in the specimen under environmental conditions and sustained loading2jCiOlvas noticed

that the longitudinal rebar rust coviecreagd from 70% to 90% at the location of stirragbar
connections. By in@asing the sustained load ratio to 0.3 and 0.5, all the stirrups and longitudinal
rebars were corroded completely. It was identified that the ultimate capacity of the corroded and
frostdamaged RC columns under sustained loading rangingdf®eno 0.5%deaeases rapidly by

11.5% to 26.9%respectively
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Wu et al. (2018xonducted an experimental study to investigate the coupled effect of corrosion,
freezethaw cycles, andsustainedmonotonic eccentric loading on the ductility and hysteretic
behaviour of akentrainedRC columns. In this study, five similar columns were cast and ¢ured
similar to the study conducted IDjao et al. (2011)The control column was tested after 28 days
without any freeze¢haw and corrosion exposure to obtain the ultimate capacity einithemaged
columns. One of the specimens was tested under the effect T8 100 times of seawater
immersion and low cyclic load after 128 daysvo of them were tested under the effect of freeze
thaw, corrosionsustained monotonic eccentric load and low cyclic load after 128 days. Ductility
and hysteretic behaviour analysegere conducted to investigate the effects of different
environmental and loading parameters on the initiation and development of cracks and failure
behaviour. It was noticed that by increasing the sustained compression loading, the adverse effect
of envimnmental damage on the ductility and ultimate load capacity of the specimens increases in
case of forwarding horizontal loading. It was also observed that in case of opposite direction
horizontal loading, an increment of sustained compression load entthacdsctility and load

capacity of the deteriorated RC columns.

2.6 Gap in the state-of-the-art

Numerous studies have been conducted on the deteriorating environmental effects on the material
properties of RC membe(kundgren 2007Vu et al. 2017 )There are also numerous studies on

the structural performance of corroded R€ams Kussain and Miteva 201&eether and Sand

2016 and few orsmaltscale corroded RC columns (faspecific degree of mass loss at a specific
time) under concentric and eccentric compressive loading, both numericdllgxperimentally

(Saito et al. 2007; Xiat al. 2016; Vu et al. 20LMohammed (2014) recenttievelopedimplified

1D analysis tools to assess the ultimate capacity, serviceability, and seismic capacity -of beam

columns There is still a scarcity d3D-NLFEA to investigate the structural performance of-eal
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scale RC pier/columns subjected to environmental effects, traffic load or combiGigra few
studieshaveexperimentally investigatithe synergetic effects of frost damage and corrosion on the
structural performance of smadtale RC member$he present studgims toproposeaquantitative
stagebaseddamage model and develop a comprehensivéNBBEA to study the deteriorating
effects of corrosion, FTCs, aacombination of corrosion and FTCs on the structural performance
of existing RC bridge piefThe use o8D-NLFEA allows to study not only strengtapacity but

also deformation capacity and p@s&ak response, and it helps to identify failure modes associated
to different damage pattern&lthough most of the existing bridgese designed conservatively
(low service load over capacity ratio, i.eLLGBCR), newly constructed bridges are designed for
higher SLOCR for cost and aesthetictMohammed 2014)This aspect that needs further
investigation in a context where cliteachange might increase the rate of deterioration of RC
infrastructure. he effect of environmental damagestbareduction of load capacity a@lamagd

RC columns, which could lead to exceeding the acceptable limit state in the bridge design codes,

needdurtherscrutiny,
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Chapter 3: Nonlinear Finite Element Modeling of the
Impact of Reinforcement Corrosion on Bridge Piersunder
Concentric Loads

Abstract

Corrosion of reinforcing steel in reinforced concrete (RC) infrastructure is one of the most
detrimental deterioration mechanisms, affecting both safety and serviceability. In the present study,
a comprehensive analysis methodology of corrosion damage is adbiptedetrimental effects of
corrosioninduced degradatioof material propertiesn the ultimate capacity of an existingeiag

RC bridge pierunder concentric loadingre investiga®. A threedimensional nolmear finite
element analysis using the commercially available finite element program DisNN&d The main
corrosioninduced deteiorating factorsconsidered in the present studye: concrete teength
degradation within the cover arghrt of the confined concreteore due to corrosionrinduced
crackng, degradation of confinement effecéseel area reduction due to unifocarrosion (in both
longitudinal andie reinforcemern)y steelductility degradation due to pitting corrosion, buckling of
compressie steel bars due to cressction reduction and confinement degradation, and bond
strength degradation between steel awahcrete induced by concrete cracksmpalling. The
methodology is evaluated lomparing the numerical results to thosecofroded column s

reported in the literature.

3.1 Introduction
Corrosion of reinforcing steel is one of the megtespread detesration mechanismis reinforced
concrete (RC) infrastructuraffectingits serviceability and ultimate capacitylany studies focus

on the deteriorating effects of corrosion on the mechanical properties of steel and concrete in RC

This chapter has been publishedStiuctural Concret€Zaghian, S., MartiPérez, B., and Almansour, H. (2022).
iNonlinear finite element modeling of the impact of r
Structural Concrete, 23(1138153. https://doi.org/10.1002/suco.20210054
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structureqCairns et al. 200Kashani et al. 201Blomfors et al. 2018) The main deteriorating
factors that have been considered in those studies are: concrete strength degradation witkein the co
zone and confined concrete, steel area reduction due to uniform and pitting corrosion (longitudinal
and stirrups), pitnduced ductility degradation of the steel, buckling of compressive steel bars due
to steel crossection reduction and confinemenégiadation, and bond strength degradation

between steel and concrete.

While many studies are conducted on corroded RC beams' structural performance, there is still a
lack of studies on the effect of corrosion on the structural performance of RC coConmsion

induced crackingveakens the concrete cover and core concrete, resulting in loss of confinement
and potential risk of buckling in the compressive longitudinal relwarih is a critical issue to be

studied in corroded RC columns

The steel rebacrosssection is usually reduced according to déay's law(Lu et al. 2011
Mohammed 2014)There have been some experitarstudies on the deteriorating effects of
corrosion on the strength and ductility of reinforcing l§aAisiusallam 2001Du et al.2005) . The
rebar strength and ductility as a function of the mass loss due to corrosion were eX@asasd

et al. 2005)Corrosion of transverse reinforcement folemby loss of confinement andngitudinal
reinforcementcrosssection loss increass the potential risk of bucklingn the longitudinal
reinforcing steellnelastic buckling of corroded longitudinal reinforcement under compression is

another important limit state, especiallytie seismic design of structures in earthquake zones.

A compression stressrain responsér coroded steebased on the Dhakdaaekawa buckling
model (Dhakal and Maekawa 200®)as developednd the effect of different corrosion levels on
the inelastic buckling behaviour of steel reinforcemenas evaluatedKashani et al. 2013)

Rodriguez et al(1996a)recommended increasing the possibility of elastic buckling of corroded
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rebars by increasingeteffective length in the Euler's elastic critical strength formula to 75% of the
tie spacing, since there is a possibility of rotation between the ties and the longitudinal reinforcement

due to corrosion, and the full fixity condition is not satisfied ptately.

Coronelli and Gambarovg2004) proposed an expression to reduce dbmpressive strength of
the concrete in the presence of corrosimuced cracking, adopting the model developed by
Vecchio and Collins(1986) Corrosion products exert an expanding pressure against the
surrounding concreteue totheirlower densitycompared to the originateel. As a resulsplitting
stresses within the concredee inducedgausng cover crackingspalling anddr delaminatiorover

time. The corrosion produstexpansion also adversely affect the intecactetween sel and

concretgLundgren 2002)

Over the past few decades, many studies have been conducted on the effectsiohaamrthe
bondslip behaviour of RC structural membéksindgren 2002Lundgren et al. 201Zandi 2015
Blomfors et al. 2018)On the other had, there ee several experimental studies on the structural
performance of smalcale corroded RC colum(fSaito et al. 200,/ia et al. 2016a/u et al. 2017)

There are also some numerical investigations that mostly focus on the seismic performance of
corroded RC column@ohammed 2014Di Carlo et al. 2017Kashani et al. 2017All of these

studies revealed that the corrosion phenomenon significantly affects the ultimate strength and drift

capacity of such columns.

Recently Xin et al. (2018)conducted sdimnal analysis to predict the bearing capacity of corroded
RC columns under eccentric loadingn et al. (2018)proposed a feasible method to construct the
interaction diagram of corroded RC columns at a specific damage level waglsugcessfully

verified through some verification case studidswever, there is still a scarcity of research on

modelling the structural performance of reahle bridge piers under the combination of corrosion
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at different stages of damage and trafieds, wherein all the deteriorating aspects of corrosion on
reinforcing steel and concrete are considered. The present study aims to address this gap; the
structural performance of an ageing designed iaogde RC bridge pier under concentric
compressioroad is investigated by conducting a stigesed threelimensional nonlinear finite
element analysis (3DILFEA). The corrosion process is defined as a staged phenomenon with
different percentages of steel reinforcement mass loss, and at each stagemitlased by

incorporating all the deteriorating effects.

3.2 Proposed3D nonlinear finite element model

3.2.1 General

In the present study, the structural performance of corroded RC bridge piers under concentric
loading is evaluated. To this aim, a-BILFEA is carried out using DIANAa commercial nonlinear

finite element software packag®iana 2019) In the present stagdshse analysis, diffent
corrosion stages are defined to incorporate the effects of variable deteriorating factors over the
bridge's service life, which are explained in detail in the following sections. The validity of the
proposed NLFEA is verified by stimulating previousgted corroded RC columns Bpdriguez

et al. (1996a) In the proposed 3DILFEA, concrete is modelled by adopting solid brick and wedge
elements. Preefined tension softening "Hordjik" is adopted as the concrete tensile response, and
compression curves "fib 2010" andH@renfeldt” with a more brittle poegieak, according to the
recommendation bZoronelli and GambaroW@004) are adopted as the compressive response of
undamaged and damaged concrete, respectively. The confinement effect is incorporated by adopting

the confinement model b$aatcioglu and Razyi992)as in E¢3.1L

fdc = fooi ¥ e 31
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Where™Q and™Q are the confined strength of concrete and unconfingaace strength of
concrete in structural members, respectivBlgrameterQ is the equivalent lateral confinement
pressure and is introduced 3 Q'Q at which 'Qis the lateral confinement pressure
k,=0.15 b b ¢1.¢ for rectilinear reinforcementyg, s, andi are the section width, transverse

S %
reinforcement spacing, and spacing of laterally supported longitudinal reinforcement respectively)
and’Q pfor spiral reinforcementCoefficient™Q is an empirical parameter, and according to the
test data regression analysis, Saatcioglu and Razvi \p#8gosed the variation of coefficie

as given by Eqg. 3.2. The variablesQ , - ard - were calibrated as Eq8.3, 3.4, and 3.5,

respectively.

k1 - 67( fle)—0.17 32

q

s (Agfytsina)i

fl — =1

sh 3.3
K — klfle

e= gl &K) ; f 24

€55 =260 1, ek : €= ﬁ(l "SK) 35

in which Asis the tie leg cross sectional argais the yield strength dhetie; q is the number of

tie legs that cross the side of core concrete for which the average lateral pfessicmmputed,

a1, @, ags, &s are the strain at the peak and strain corresponding to 85% of peak stress for the
unconfined and confined concretespectively.

In the verification case studies, the reinforcement is modelled by DIANAgdmeed twenode one
dimensional "embedded" reinforcement. In the RC bridge pier simulation, the reinforcement is
modelled by the "bonglip" reinforcement. The akslip interface elements are treated as beam

elements to incorporate the effect of axial leaduced lateral pressure on the core. Thedafened

local bondslip model by the filModel Code 201@fib 2013)is adopted as the trorroded bond
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slip response and is modified to incorporate the effect of corrosion. The concentric load is applied
as a uniform stress onsteel plate of 40nm t hi ckness | ocated on the
local damage. inear threedimensional surface interfacéements were applied at the connection
between the column and the loading plate to assure a smooth load transfgular Newton
Raphson iterative method is used along with the "Total Lagrange" as the geometrical nonlinear

analysis.

3.2.2 Corrosion-damage moa! atthe material level

In an earlier studyZaghian et al. 2020Qhe adopted corrosion damage model was explained in
detail. The main corrosieimduced deterioratingactors considered in the present study are

described as follows:

1) In case of lack of gravimetric data, it is possible to estimate the corrosion kyel (©0)) as
given in Eq.3.6:

d’- d, .2

Xoor = ———2" 3400 36
db

whered, andd are the urcorroded and corroded rebar diameters, respectively.

b,corr

2) Ductility degradation of the corroded ties and tensile flexiaragitudinal reinforcing bargs

estimated as in E®.7(Cairns et al. 2005)

oo =[1.0 100 22X . ] .« 3.7

where ¢,and e

ut,corr

are the ultimate tensile strain of uncorroded and corroded rebar,
respectively. The empirical coefficieat has been calibrated by many researchers considering

different types of rebars (plain and ribbed rebars) and exposure cond@ionst al.2005
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Cairns et al. 2005Herein, for chloride exposure and embedded rebar in concrete, the value

a, =0.03¢t is adoptedCastel et al. 2000)

Figure 31 shows the tensile stresdrain response of uncorroded and corroldeditudinal

reinforcing barsafter 5% crossectionloss due to pitting corrosion

600
©
[
2 400
2]
0
()
£ 300
@ uncorroded
S == .« corroded-5% cross section loss-pitting
|_

100

0
0 0.05 Tensile strain 0.1 0.15

Figure3-1 Tensile stresstrain response of uncorroded and corroded longitudinal rebars after 5%eaxrtiea loss
due to pitting corrosion

3) Possibility of elastic buckling (suggestion by Rodriguez efl@96a)and irelastic buckling

(Kashani et al. 2013 the corroded longitudinal rebars are investigated as ir3 Bgsd3.9,

respectively:
scr,corr = ﬁE(O'zajb,corr)2 /(0'75:0” 3 3.8
;e. X= pyc,@orr e
|
jhz 1()(-1){1 1 < 2
h= ?fyc,corr 3 X 1 3.9
%/72- 0.02 x- ,¥ , xt&x 0%
i 0.2 otherwise
in which
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X, = max{ 55 -2.3{ con ;}7

h,=max{ 41.1-0.016/,,) 10k
] = fyc,corr S
» 100 d,- 2,

£0.005 s/d¢5
. b 19.0065 5s 4 10¢
t0.0125 s /d > 10

foocor = fye[l 100 A& X

Yyc, corr corr,

where s_  is the tie spacing considering the possible loss of one or moré teasl x are

corr

the nondimensional stress and strain, respectivelyis the softening coefficiensis the tie

spacing; /", is the nordimensional stress corresponding.xp (in case of no buckling);
f is the compressive strength of the corroded rebar; apdand / are the non

yc, corr p,corr

dimensional buckling parameters of theaorroded and corroded rebars, respectively.

4) Cover concrete cracking and even spallinthimithe affected regions are simulated by reducing
the concrete compressive strength as in3Edf (Coronelli and Gambarova 2004) he tensile
strength of the damaged cover concrete is reduced proportionally taltitetioa ratio of the

concrete compressive strengtecommendation bilanjari et al(Hanjari et al. 20113)

o _ fq _
de,corr _m ) el 2 pbars( rsn ]:)ch/tl) 3.10

where fj, and fj, . are the compressive strength of undamaged and damaged concrete;
K =0.1is adopted by assuming ribbed bars with medium diameigs the concrete strain at

the peak compressive strengiiik@n as 0.002)g is the average tensile strain perpendicular to
compressionn, ... is the number of corroding rebars, =2 is the volume expansion ratio

(Molina et al. 1993) x,is the corrosion penetration depth and is calculated as
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Xep :d—zbgL -J1 X, (as mentioned iDeng et al. 2018) and b, is the width of the un

corroded section.

5) The corrosioAnduced degradation of confinement is estimated by substituting the degraded
properties values, such as tieeluced mechanical and geometrical properties of corroded ties
and a possible increase in tie spacing due tmgiiced tie rupture into B@.1-3.5.

6) The engineering bonrslip model(Blomfors et al. 2018 adopted in the present study. The

reduced bond strength, and reduced residual bond capacz‘it;gmod(ktr) of corroded

u, spilit, red
specimens are estimated as in Bgkl and3.12, respectively. Bond deterioration was modeled

along the entire length of corroded rebars.

o 0252 02
af,, 0a25 0O

[bu,spilit,red = 4765'6% (o} $d_ 0(1 -kmktr) 311
¢l =+

:§(0'16 +12<1r)£bu,spilit,red for 0 l§ GO 210

t k
res,mod( tr) I 0.4 for 0.0 ktr

bu, spilit, red

in whichvariabless, , k., andk, have been adopted from the Model Code 210 2013)

3.3 Validation of 3D nonlinear finite element analysis

In this section, two types of columns testedRmdriguezet al.(1996a)under concentric loads are
selected to evaluate the integrity of the proposeeNBBEA. Among all the columns tested by
Rodriguez et al(1996a) columns type 1rad 2 with different tie spacing were selected for the
simulation. Columns C1land C21 are selected as the control columns, and columns C18 and C27
are selected as the corroded coluntigures-2). According toRodriguez et al(1996a) columns

C11 and C21 were respectively fabricated with concrete with compressive strengths of 30 MPa and
34 MPa, 48 mm and 416mm longitudinal rebars, andndm ties spaced at 100 mm and 150 mm.

The reinforcement had a yield stress of 590 MPa and ultistrztiegth of 670 MPa. It was reported
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that the average corrosion attack penetration depth in the ties and longitudinal rebars of column C18
was 0.56 mm and 0.6 mm, respectively. Those values were reported as 0.47 mm and 0.62 mm for
column C27. In the numieal simulation of the columns, the compressive strength of the concrete
core is estimated according to€2)1-3.5. The corrosion of longitudinal reinforcement is assumed
uniform considering the average attack penetration depths that were reportedmnsc6i18 and

C27, it was reported that the nepmmetric damage of the concrete cover led to eccentricities of

€& c1s = 7.8mm ande, ., =10.6mm for column C18, an@, .,, =3.2mm ande, .,, =4.6mm for

y,ca7
column C27. These eccentricities were input in the analysis. Since no information about pit locations
was reported, tie pitting corrosion was simulated using two methods; method (1) consisted of
removing two and four ties within zone 3 of columns C18 @27, respectively, as observed by
Rodriguez et al(1996ajafter structural testin¢Figure3-2), and method (2) consisted of reducing
the corroded tieds duct i | isdctionaliarea raddatidntAllahe t o
aforementioned mechanical properties are summariz€dhle 31. A bi-linear behaviour with an

initial stiffness of 200 GPa was adopted for the rebars. F@f3rshows the proposed models for

both uncorroded and corroded compressive longitudinal reinforcement in the present study. Based
on the estimated calculations, elastic buckling is not critical for the uncorroded rebar and corroded
rebars within zone 2 due gufficient confinement. The possible failure was therefore assumed to

be inelastic buckling rather than elastic buckling (yielding followed by a\pelst softening

response). On the other hand, the allowable critical stress in the corroded compoagsweihal
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rebars within zone 3 was estimated accor@ig@.8. The meshes based on-80n CTE30 elements

were investigated. The column base was restrained from all translational movements at the base.

Table3-1 Details of RC columns tested by Rodriguez et al. (1996)

Cover and core compressive strength

bxh (control and corroded) (MPa) Broken
Specimens  (mmxm  L(mm) )
m) Zone 1 Zone 2 Zone 3 ties
fc de fc,cor fCiC,COT fc,cor fd‘C,CUr

Ci11 200x200 1,200 30 33.5 NA NA NA NA 0
Ci18 200x200 1,200 30 33.5 7.5 37.6M  negligible 36.3 2
Cc21 200x200 1,200 34 36.2 NA NA NA NA 0
c27 200x200 1,200 34 36.2 7.5 36.7M  negligible 35.7 4

@ The compressive strength of chloride contaminated concrete was reported as 35.8 MPa and 35.6 MPa in columns
C18 and C27, respectively (Rodriguez etl&96)

—350— c11 c18 ——350— Cc21 c27
& ]
é g
il i
NI
| R— |
J | = 1§ 3 g
2 |ref #IL g2 2 ||a g g
& s 7 Is 1%
& i B ° 8
= i ' Wl
! R l i }
i ’ 2
3 t
Zone 1 @Ml 5& m -
Zone 1 Zone2 Zone3
(a) (b)

Figure3-2 Detailsof RC columns tested by Rodriguez et al. (1996): (a) column type 1, (b) column type 2
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Figure3-3 Estimateccompressive stresstrain response for the rebars in different zones of columns tesReatibiguez
et al. (1996pnccording to the model adopted frafashani et al(2013

The axial load versus the concrete mean strain at théhemht section of the four sides of the
control and corroded columns (C11, C18, C21, C27) based on the preserdrstéhdriguez et

al. (1996a)s shown inFigure3-4. Based on the experimental and numerical results, the ultimate
capacity of the corroded columns, C18 and C27, drops by approximately 34% and 42%,
respectively. As shown iRigure3-4, methods 1 and 2 used to simulate tie pitting corrosion result

in almost similar responses. For the corroded column C18, based on method 1, there is a possibility
of prematue elastic buckling in the compressieagitudinal reinforcing bardue to the absence of

the two middle ties. Accor diFgge3H ), théhnsaxinsummu |l at
stress in the reinforcement at failure surpassed the corroded rebar critical stress of 113 MPa provided
by Eq3.8. By inspecting the minimum principal stresses and strains, it is observed that the corroded
columnexperiences crushing within the corroded cover rediigufes-5, b) and the core concrete

in the middle region where ties are remove&t(re 3-5, c). According to the test results, the
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corroded column's failure was reported as crushing of the concrete and buckling of the longitudinal
rebars undethe quasstatic loading, which is in a good agreement with the failure characteristics

of the column simulated in the present study. Comparing the rebar stress at the failure point of
column C27 based on methodHigure 3-5, d) with the corroded rebar critical stress of 86 MPa
confirms that the compressive longitudinal reinforcement indeed undergoes elastic buckling. It is
also observed that the minimum prindigéress and strain within the cover concrete and core
concrete (zones 2 and 3) surpass the compressive strength values assigned to these zones. This
shows the possibility of concrete crushing within zone 3 where four ties were rerfrayae 8-5,

e-f). For the two sets of columns, both the axial capati®an strain response and the failure pattern

from the experimental tests and the-RDFEA were faind to agree within an acceptable range.
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0 o.001 ~ 0.002 ~ 0.003 0 0.001 0,002  0.003

Mean strain of mieheight Mean strain of micheight

(@) (b)
Figure3-4 (a) Comparison between the results based on experimental test conducted by Rodriguez et al. (1996) and
the present 3ENLFEA for (a) columns C18, C11, and (b) columns C27, C21
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Figure3-5 Graphical results based on dNDLFEA at the failure point of corroded columns tested by Rodriguez et al.
(1996) (method 1): (a) stress in reinforcement (C18), (b) minimum principal stress showing the possduilihiof

of concrete cover and core concrete (C18), (c) minimum principal strain showing the possibility of crushing of
concrete cover and core concrete (C18), (d) stress in reinforcement (C27), () minimum principal stress showing the
possibility of crusing of concrete cover and core concrete (C27), (f) minimum principal strain showing the possibility
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3.4 Structural performance of an existing corrodedRC bridge pier

3.4.1 Designconsiderations

The adopte@D-NLFEA methodology is applied to an RC pier of a4span slab on a prgressed
girder bridge with a centdo-center span of 30.81 m. The geometry of the superstructure of the
onespan bridge was adopted from the Virginia State Bridge boveiHevener 2003\utt et al.
1988) The design follows the CS86-19 (CSA 2019) The main goal was designing the critical
RC column of tie bents to have the 0.4<LOCR<0.6 under different eccentrides<e,=0.15),

in which e, is the allowable practical eccentricity ainés defined as a square column crssstion
dimension in mmin design practicausual LOCR of the piers is as low @.3(CSA 2019) but for
architectural reasait is common to use slender piers with higher LOCR in bridge de&igaven
column bent was selected as the medtiumn bent of the aforementioned bridge, as shawigure
3-6. The designed pier has a cresstion of 500x500 mMmwith twenty 20M longitudinal rebars
and 10M ties spaced at 50 nmhme cover depth is 40 mmwhich is representative of older structures.

Further geometric and materialtdis of the designed bridge are provided able3s-2.

: Concrete barrier wall :
South integral abutment north integral abutment

A

] | 6.6 m
e i R ,,_J -
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Figure3-6 Configuration of the designed pier

Table3-2 General information oflesigned bridge
Bridge substructure geometry

Multi-column bent (columns spacing at 3.1 m) wit

Intermediate pier. speared footings on bedrock

Pier cap size: 1.5 m by 0.8 m cross section
End abutment: Integral abutment

Bridge substructure material

Pier cap and pier iplace concrete strength: f. =35MPa

Concrete elastic modulus: E. =35000MPa®

Concrete cracking strength (noratnsity concrete): f, = 0.4\/ft' =2.3MPa®

Yield strengthultimate strength and strain of red@rs ~ f, =420MPa,f, $25MPa,g, #6.14

M Model code 2010, CEB 2013
ACsSA-S6-19
() CSA G30.18 Gr. 40

3.4.2 Proposedcorrosion damagescenarios

The deteriorating effects of stafased corrosiecinduced damage on the structural performance of
the RC bridge pier under pure compression were investigated using-tieFRIEA. To this aim, it

was assumed that reinforcement corrosion occurs at the kd¢ime pier subjected to splashing of
de-icing salt contaminated water by moving traffic, as observed in field investiggfodgersen
1997)and onsite observations by the authoas shown irFigure3-7. Foundation footings in cold
climates are required to be placed below the depth of frost penetration, with a minimum of 1.2 m

below groundevel (CSA 2019) Considering the traffic leveliti respect to the foundation of the
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column, it was assumed the splash zone corresponded to approximately the middle third of the
column. Following the adopted methodology, corrosion was assumed to degrade the material
properties. It should be pointed dbat the corrosioinduced mass loss percentage of the ties at
each stage of damage was assumed to be twice the one associated with the lorrgitifdicaig

barsin the present study. Such assumption was made based on the fact that: (i) the tesrai@ cl

the cover concrete and ambient environment, with aggressive agents such as chlosdes] CO
water reaching the ties faster; and (ii) the tie diameter is smaller compared to the longitudinal

reinforcement diameter.

(a) Toronto Gardiner Expressway (b) Underpass in Bells Corners, Ottawa
Figure3-7 Corroded bridge piers (esite observations by the Authors)

Three different stages of corrosion were defined: longitudinal rebar mass loss of 5% and tie mass
loss of 10% (Stage 1), longitudinal rebar mass loss of 20% and tie mass loss of 40% (Stage 2), and
longitudinal rebar mass loss of 30% and tie mass loss%f(&dage 3). It should be noted that at

each stage, different assumptions were nsul@marized imable3-4.

At Stage 2, in addition to corrosionduced material properties degradation, it was assumed that
the fully-rigid connection between the ties and the two middle longitudinal rebars at dadf si
the column in the corroded region (sttdrd of column) was lost. At Stages 1 and 2, the degraded

confinement effect was incorporated into the model by reducing the yield strength and diameter of
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the ties at each stage of corrosion. At Stage 3, staggumed that the material properties degrade

due to corrosion and all the ties and longitudinal rebars at the corroded region lose their connection.

Due to major damage in the concrete cover at this stage, it was assumed that the cover all around
the colmn along the corroded region had spalled off. As a result, the concrete core region and ties

were supposed to be more exposed to the ambient environment and more susceptible to damage.

An analytical investigation was conducted to determine the tie swasidering the bridge pier for
design LOCRAs a result o€orrosionthe tie leg segment between two adjacent longitudinal rebars
wasassumed as a pin beam (loss of connection rigidity). The axial tie strain due to axial load
induced lateral presseiin the RC bridge pier was estimated as the beridohgced change in the

projected length of the assumed beam. For both cases, the axialstreas estimated according

to Eq3.13(Young and Budynas 1980)

ad
X

b

<
o
X

3.13

D 1
9t:|—

2

0

wherel is the length of the tie leg between two adjacent longitudinal rebars$ £i.5.6 mm), and

y is the bendingnduced deflection.

By substituting the deflection functiogé) into Eq3.13, the tie strain was estimated and compared
to the corroded tie strain corresponding to Stage 2 and Stage 3, as tabulkabte 3. It is
observed that at Stage 3, the strain along the entire length of the tie beam exceeds the yseld limit,

tie rupture is a reasonaldesumption at this stage.

Moreover, there is a high likelihood of pitting corrosion at this stage, leading to more severe damage,
and it can thus be assumed that three adjacent ties have broken. As degtdaceid-8, all the

regions are shown as zone 1 in the case of the uncorroded column. At Stages 1 and 2, the uncorroded
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and corroded regions are shown as zone 1 and zone 2, respectively. At Stagedarttage zones

are defined: zone 1 as the uncorroded region, zone 2 as the corroded region where there are not any
broken ties, and a 260m zone 3 where three ties are ruptured. At "Stage 3", the degraded
confinement effect was incorporated into the midgereducing the yield strength and diameter of

the ties, increasing the tie spacing within zone 3, and reduction in compressive strength due to
corrosioninduced cracking. To study the effect of the latter factor, Hgaioe compressive strength

of corcrete used in the confinement model was reduced from 35 MPa to 33MPa, 30 MPa, 28 MPa,
25 MPa, and 20 MPa and substituted in the confinement model, corresponding to damage scenarios
in the present study called "Stage 3,a", "Stage 3,b", "Stage 3,c", "Stigex®d "Stage 3,e",
respectively. The compressive strength of the cover and core concrete at each stage and each zone
are tabulated imable 35. The compressive stresgain response of confined concrete at different
stages of corrosiois estimated amrding to the confinement model Bgatcioglu and Razvi (1992)

and shown in Figure-30.

uncorroded Stage 1 and 2 Stage 3

) P
. «

-
]

1667

200—

Splashing zone

Traffic level

44
500

—12

Zone 1 Zone 2 Zone 3
Figure3-8 Configuration of designed RC pier at each damage state (all the dimensions are in mm)
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The uncorroded reinforcing steel compressive behaviour was modelled using the average
monotonic stresstrain model proposed yhakal and Maekaw&002) as illustratedn Figure

3-9. For all the damage stages considered, from an uncorroded column to a corroded column at
Stage 3, the estimated Euler critical strengthigher than the yield strength of the reinforcement

due to sufficient lateral confinement and a small effective length (i.e., the tie spacnetpar
diameter rati/dy), with no possibility of elastic buckling in any of the cases considered. &ailur

the reinforcement was therefore assumed to be governed by yielding the reinforcing steel, followed
by a softening response in the corroded columns. As showiguime 3-9, a steep softening pest

yield response was estimated for the corroded rebars located in zone 3 at Ntatgel&at for this
analysis, uniform corrosion was assumenhally, the bond modedeveloped byBlomfors et al.

(2018 was adopted for the corroded RC columns.
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Compressive strain

Figure3-9 Compressive stresdtrain response of longitudinal rebars in different stages of corrosion

Table3-3 Analytical axial tie strain due to axibdad induced lateral pressure in the RC bridge pier

Initial tie Corroded tie Corroded tie

. Arealoss Arealoss . Corroded tie . =
Stage  diameter . diameter . . yield stress
rebar tie yield strain
(mm) (mm) (MPa)
Stage 3 11.3 0.3 0.6 7.14 0.00084 168 0.012
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Table3-4 Summary of assumptions made in different stages of corrosion in the present study

1 Longitudinal rebar mass loss of 5%
Stage 1 1 Tie mass loss of 10%
1 Material properties degradation as described in corrosion damage model section
1 In-place compressive strength of B®ain the confinement modet:85MPa)
1 Longitudinal rebar mass loss of 20%
1 Tie mass loss of 40%
Stage 2 1 Material properties degradation as described in corrosion damage model section
9 Loss of fullyrigid connection between the ties and two middle longitudinal rebars at each sid
column within the corroded zone
1 In-placecompressive strength of 38Pain the confinement model.(=35MPa)
1 Longitudinal rebar mass loss of 30% fe
Tie mass loss of 60% used in the confinement model
1 Material properties degradation as described in corro
damage model section Stage 3,a 33(MPa)
Stage 3 1 Loss of fullyrigid connection between ahe ties and Stage 3,b 30(MPa)
longitudinal rebars at each side of the column within t Stage 3,c 28(MPa)
corroded zone
1 Rupture of three adjacent ties at the middle height of | Stage 3.d 25(MPa)
RC column Stage 3,e 20(MPa)

Table3-5 Propertieof concrete at each stage of corrosion

Longitudinal Concrete compressive strength (MPa)

CZ:;(;Selgn I’ibar )-2: Zone 1 Zone 2 Zone 3
cover core cover core cover core
uncorroded NA NA 35 56.2 NA NA NA NA
Stage 1 504 10% 35 56.2 9 52.8 NA NA
Stage 2 20% 40% 35 56.2 negligible 44.0 negligible NA
Stage 3,a 30% 60% 35 56.2 negligible 37.6 negligible 33.8
Stage 3,b 30% 60% 35 56.2 negligible 34.6 negligible 30.8
Stage 3,c 30% 60% 35 56.2 negligible 32.6 negligible 28.8
Stage 3,d 30% 60% 35 56.2 negligible 29.6 negligible 25.8
Stage 3,e 30% 60% 35 56.2 negligible 24.6 negligible 20.8
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3-10 Compression stresgtrain model for confined concrete different stages of corrosiofconfinement model by
Saatciogluiand Razvi 1992)

3.4.3 Numerical procedure anddiscussion ofresults

In the present simulation tfecorroded RC bridge piethepre-defined tension softenirfidordjiko
is adopted as the concrete tensile responsehandmpression curves "fib 2010" and "Tkafeldt"
with a more brittle pospeak, according to the recommendatiorCloyonelli and Gambaroy@004)

are adopted as the compressive response of undamaged and damaged concrete, ré5ppatevely

3-11).

— fC r fp

(@) (b) (©

Figure 3-11 Concrete constitutive models: (&@pmpressiorundamagedii f i b 2 0 dothpgressiorflamaged
AThorenf whsidmidloy df ¢ kP
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Meshedased or203 20 mm, 403 40 mm, 503 50 mm, and 63 60 mmelements were investigated.

The ®lution based om 503 500 mm meshwas selected. The solution based on smaller mesh size
was very time and memory consumiagd the solution based on tlaegermesh size was not able

to show the fdure and cracking pattern at the specific locations.

All the nodes of the base were restrained from all the translational movement to simulate the full
fixity condition of the foundation. The column was also restrained at the top agamsational
movements in the bent direction due to the hedtced stiffness. To avoid any local stress
concentration, the two faces of the column in the "xz" plane (with total depth of 250 mm from the
top) were restrained against the translational mmre in the ydirection. The translational
movement in the traffic direction was frdéiqure3-12, a). A quaststatic concentric loading was
appliedas uniform stresg~(gure3-12, c).

A structural nonlinear analysis assuming both physical and geometrical nonlimesripgrformed

in the present wdelling. A regular NewtoiiRaphson iterative methoslas used along with the
ATotal Lagrangeo as t he ¢ emmreltogetheraiththmadendthi ne ar
control optionwas used to control the pegeak behaviour in the column. Indation to the are

length control method, the line search control methasiactivated in order to improve the solution

convergence
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Z

Figure3-12 Designed bridge pier (a) boundary conditions,cdmcrete section mesh, (c) uniform stress as concentric
loading

The loadmaximum vertical displacement curves of the uncorroded and corroded columns at
different stages of damage are showifrigure3-13. It is observed that by increasing the level of
corrosion (going from Stage 1 to Stage 3,e), the ultimate capacity of the RC bridge column decreases

by 9%, 33%, 36%, 40%, 43%, 47%, and 56%, respeytivel

At the early stages of corrosion (Stage 1), it is observed that the ultimate capacity of the column
decreases by 9% without a significant drop in the axial displacement. As corrosion propagates to
significant levels in Stage 2, deterioration of tekarsand the cover and core concrete occur, with
consequent loss of fullsigid connection between the ties and two middle longitudinal rebars at
each side of the column. All these effects lead to a more significant reduction in the ultimate capacity
(33% & shown inFigure3-13). For a LOCR=0.6, the RC column at Stage 3, b is observed to lose
almost 40% of the initial ultimate capacity, and it fails under the applied load of 6,200 kN (60% of
ultimate capacity). Stage 3 (b) can be suggested as a warning threshold and shouddidlg se
avoided by periodic inspection and rdestructive testing to measure the degree of cracking and

concrete compressive strength. As showRigure3-14(a) and (b) for the uncorroded column under
120



pure concentric axial load, comparing the minimum principal cover corstresS and minimum
principal strain with the concrete compressive strefigth35 MPa and strain at maximum stress
revealsthat crushing of concrete starts at the ultimate load. As shovigure 3-14 (c), the
longitudinal rebars reach almost 81% of the proportionait lanthe ultimate capacity, and no

yielding nor buckling is observed, showing compression failure in the column.

Corrosioninduced damage increases drastically for longer periods of exposure of the-tmidblle

zone of the column to deteriorating envineental factorsandassuming no periodic inspection,
effective maintenance and repair interventions (Stage 3). As shokgure 3-13, by decreasing

the inplace concrete compressive strength from 33 MPa to 20 MPa, the ultimate capacity is
observed to drop from 36% to 56%. The graphical failure patterns based onkhd-8A at "Stage

3,b" and Stage 3,e (wofstse scenario) are presenteéigure3-15andFigure3-16, respectively.

For the corroded column at "Stage 3, b", it is observed that at the onset of ultimate capacity and
failure point, the damage is more localized at the-ragion (corroded zone). It shaube pointed

out that even after losing three ties at 'Stage 3" and increasing the slenderness ratio of the
longitudinal reinforcing bars this region, there is no possibility of elastic buckling of corroded
rebars according to the modified critical siyéh of corroded rebars formula proposedoyglriguez

et al.(1996a) however, inelastic buckling of thengitudinal reinforcing bargesults in a pospeak
softening behaviour in the stressrain response of the corroded rebars due to the increase in the
slenderness ratio in zongBashani et al. 2015)At "Stage 3, b", it is observed that at the onset of
ultimate capacity, the minimum principal stress and strain of the core concrete reach almost ultimate
capacity which corresponds to theniaxial compressive strength that is soéi@due to corrosion

effects and they exceed the threshold at the failure p&igu¢e3-15, ad), indicating crushing of

the core concrete. Comparing the compresSiaachy stress in the rebars at the onset of ultimate

and failure point with the compressive strefi®in response of the corroded rebars defined at
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different zones, it is observed that the reinforcing steel in zones 2 and 3 reach the yielding point
followed by inelastic buckling of thHengitudinal reinforcing bars zone 3 Figure3-15, e and f).

This phenomenon can be explained by the fact thatrmmént effects are reduced at the miedle
height of the corroded column, and there is a high chance of bucklinglohgmeidinal reinforcing
barsand crushing of the concrete. As shownrFAig(re3-16, af), a similar failure mode is observed

at "Stage 3,e" with a more severe pattern. The failure of the corroded column is governed by the
crushing of the concrete core at the middle region and the inelastic buckling of the corroded rebar

in zone 3.

Basal on a regression analysis, two prediction equations of the ultimate axial displacement and
ultimate capacity of the corroded column at different scenarios of Stage 3 as a function of the
reduced implace concrete compressive strength which is usettharconfinement modelare
proposed in Eg8.14 and 3.15 (Figure 3-17). It is worth noting that the proposed equations are
specifically for the geometry and properties of the designed pier. The methodologyuszal lher

anyothergeometry to propose a specific prediction equation.

D,, =0.097%, +2.345 3.14

P, =153.82f, +1575. 3.15

in which D, is the ultimate axial displacement of the corroded column at StageiSthe ultimate

axial capacity of the corroded column at Stage 3.
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Figure3-13 Load-maximum axial displacement of control and corroB&ibridge pier
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Figure3-14Failure patterns of contrplier. (a) minimum principal stress distribution at ultimate capacity of uncorroded
column, (b) minimum principal strain distribution at ultimate capacity of uncorroded column (c) reinforcement Cauchy
total stress distribution in direction at ultimate capacity of uncorroded column
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Figure3-15"Stage 3,b", (a) minimum principal stress distribution at onset of ultimate capaBi€y pier(b) minimum
principal strain distribution ahe onset of ultimate capacity &C pier(c) minimum principal stress distribution at
failure point ofRC pier(d) minimum principal strain distribution at failure pointR€ pier, (e) reinforcement Cauchy
total stress distribution ithe z-direction atthe onset of ultimate capacity &C pier, (f) reinforcement Cauchy total
stress distribution ithe z-direction a failure point ofRC pier
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Figure 3-16 "Stage 3,e" (a) minimum principal stress distributiorthetonset of ultimate capacity &®C pier (b)
minimum principal strain distribution ahe onset of ultimate capacity dhe pier(c) minimum principal stress
distribution at failure point ofRC pier (d) minimum principal strain distribution at failure point thfe pier (e)
reinforcement Cauchy total stress distributionthie z-direction atthe onset of ultimate capacity dRC pier, (f)
reinforcement Cauchy total st®distribution irthe z-direction at failure point oRC pier
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Figure3-17 Analytical relationship between irplace concrete strength and (a) maximum axial displacement, and (b)
axial capacity of the corroded RC pier at Stage 3

3.5 Summary and conclusions

In the present study, a 3WLFEA was conducted to evaluate the structural performance of corroded
RC olumns subjected to differeabrrosion patternand concentric axial loading up to failure. The
efficiency of the conducted 3DNLFEA was verified by simulating previously tested corroded
columns reported in the literature. The present numerical model ic@sdble of successfully
capturing the faille modes of the corroded columyselding/buckling of the reinforcement or
crushing of concrete cover/core for different considered damage cases. The propdHgeEZD

was then adopted to study the structural performance of-aaalal ageing bridge piet various

stages of corrosion localized at the middle third (splash zone) of the column under concentric axial
load. The proposed statpased quantitative approach was conducted based on various damage
scenarios to evaluate the pier's performance atréiffeservice times. The proposed evaluation
approach starts with lolevels of corrosion damage (Stage 1), wipobpagates to highévels as

Stages 2 andassumingno periodic inspection/maintenance and repair in between. The structural
performance deg@dation was observed to be more pronounced under higher corrosion levels (Stages
2 and 3), with a loss of ultimate capacity of up to 60%, gtéower corrosion leval(Stage 1), with

a reduction of 9% in ultimate capacity. At the stages with hitghesl of corrosion, in addition to
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the deteriorating effects on the material properties, it was assumed that corrosion wouldtresult in
loss of fully-rigid connection between the ties and longitudinal rebars and would enable rotation at
the connection locains. According to the proposed analytical approach, it was also suggested that
at higheirlevels of corrosion, there would be a possibility of one or more tie rigtutiee corroded
zones. At Stage 3, the core concrete is more exposed to the deteregahtgand more susceptible

to damage when it is assumed that the concrete cover has spalled off all around the column in the
corroded regions. It was observed that by reducing tpéace compressive strength of concrete at
Stage 3 to account for corfoe-induced cracking, the confinement effects decrease significantly,
and the ultimate capacity was observed to be remarkably sensitive to such pa@omsidering

a loss of three ties in zone 3 and increasing the effective lengthlohthitudinal renforcing bars

it was estimated that the compressive ststisEn response of the rebars degrades (decreasing the
compressive yield strength and softening the-pmdt response). By going from low to higher
levels of corrosion, the column fails in a radorittle pattern. The failure is observed to be more
localized in the corroded zones and is governed by yielding dbtiggudinal reinforcing bars

zone 2 and 3, and crushing of the core concrete in zone 3 followed by inelastic buckling of the
longitudinal reinforcing barg zone 3. According to the proposed evaluation approach, it is found
that corrosiorinduced cracking and spalling of the concrete cover and premature buckling of the
longitudinal rebars due to tie rupture are the most relevargegoiences of corrosianduced
damage with the most significant impact on the ultimate capacity of the corroded columns. The
proposed performandeased quantitative approach shows the importance of periodic inspection and

monitoring of changes in the chateristics of partiallydamaged critical bridge piers.
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Chapter 4: Finite Element Modelling of Bridge Piers
Subjected to Eccentric Load Combined with
Reinforcement Corrosiorf

Abstract

Corrosion of reinforcing steel in reinforced concrete infrastructure has been identified as the leading
cause of concrete deterioration in North America. As the most critical bridge element, piers are more
susceptible to reinforcement corrosiospecially in coastal areas and cold regions due to the
application of decing salts. The combination of seceadler effects and local nonlinearity dictates

the failure mode of slender and eccentrically loaded columns. Degradation effects would be more
critical in the presence of corrosion, at which the nonlinearity effects become more dominant. A
comprehensive corrosion damage model is adopted from the literature in the present study. A stage
based corrosion scenario is then proposed to study the ddgairoemosion effects on the ultimate
capacity, rigidity, and ductility of bridge piers subjected to eccentric load through finite element
analysis. The interaction diagram of the corroded pier is then generated at different corrosion stages
to introduce ew safety margins. The accuracy of the proposed model is investigated by

comparisons with available test data from the literature.

4.1 Introduction

Recent investigations have evaluated the effect of climate change on the service life and ultimate
capacity of reinforced concrete (RC) infrastructures, especially inatiohdte regions such as
Canadaohammed 2014Deng et al. 2018 Global warming is a critical parametarown as an

accelerating factor in reinforcement corrosion initiation and propagdBastilasArteaga et al.

2This chaptehas been publisheéd Engineering Structure€aghian, S., MartiPérez, B., and Almansour, F2023).

AFinite el ement model ling of bridge pifeorrcemebj e ctoad o0E

Engineering Structure283, 115822.
https://doi.org/10.1016/j.engstruct.2023.115822
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2010) An increase in traffic intensity has been reported as an additional accelerating factor in the
deterioration mdtanism of aging bridgggounis et al. 2010)A literature survey has revealed that

a considerable number of studies have been conducted on the deteriorating effects of corrosion at
the material levelQairns et al. 2009Du et al. 2005Kashani et al. 2033It has been reported that

the primary contribution to corrosianduced damage are: cressction loss of corroded rebars
(Cairns et al. 2005, Val 200)niform corrosiorinduced degradation obminal steel stregth and

pitting corrosioninduced ductility degradation of corroded rebars (Almusallam 2D@let al.

2005, and Cairns et al. 200%evelgpment of tensile stress due to expansion of corrosion products
surrounding the rebars followed by concrete cover cracking and gradual sp@lranélli and
Gambarova 200 Chernin and Val 2011)degradation of compressive strssi®in response of
corroded longitudinal rebar&éshani et al. 2013jand reduction of bond strengttugdgren 2002,
Lundgren 2005,Schlune 2006,.undgren et al. 200Zandi 2015 andBlomfors et al. 2018)There

are numerous studies dhe effect of corrosion on RC beams' flexural and shear behaviour
(Maaddawy et al. 2005, Cairns et al. 2008, Seether and Sand Blal&ver, there are limited
experimental and numerical investigations on sisedlle RC columns' concentric and eccentric
axial behaviou(Saito et al. 2007Xia et al. 2016bYu et al. 201Y. Limited numerical investigations

also focus on the seismic performance of corroded RC coluvioisafnmed 2014Di Carlo et al.
2017,Kashani et al. @17,Deng et al. 2018)in all of the studies above, it has been observed that
the ultimate strength, ductility, and drift capacity of corroded RC members are significantly affected.
Bridge piers are often subjected to eccentric compressive loads. The axial load eccentricity with
respect @ the pier centerline is caused by the amplification ofafgtraightness of the pier and
nontangential loadnduced deformatio”®XASHTO 2014) In some cases, the girders are not placed

at the centerline of the piers, which causes amthtieccentricity. Therefore, CSA S6:19 (Canadian

Highway and Bridge Desig@HBDC) recommends considering a minimum eccentricity of
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15+0.0% (mm) (in which h is the square column cressction depthn mm) about the principal

axis (CSA 2019) There is still a scarcity of research on 3D modelling of tteemrtric axial
performance of readcale bridge piers under the combined effects of all the deteriorating aspects
coming from reinforcement corrosion. The geometrical and material nonlinearity affect the failure
mode and pogpeak response of flexural cotms significantly Dhakal and Maekawa 20p20ne

of RC bridge piers' most common failure modes, especially under seismic loading, has been reported
as the crushing of the mconcrete and buckling of the longitudinal reinforcemiashani et al.

2019. For corroded RC columns, the failure mechanism is expected to follow a more severe pattern
due to deterioration of concrete and rebars, consequent nonlinearity increase, and flexural and axial
rigidity reduction. The adverse effect of reinforcement corrosion on the strength and ductility of RC
columns depends on the initial degree of confinement. It is expected to be more pronounced in case
of inadequate confinemenidshi et al. 2015)Gradual degradation of confinement effects due to
transverse rebars corrosion, loss of one or more ties, and possible buckling of loalgitudin
reinforcing bars are observed to govern the structural performance deterioration of RC members
when an axial load is dominaiflohammed 2014)If, in addition, the membermre subjected to
significant bending moments (high eccentricity), the generation of flexural cracks along with

longitudinal corrosioninduced cracks accelerates cover spaiMghammed 2014)

According to current standards, the bridge condition is first assessed from visual inspections
(Federal Highway Administration 200&nd Ontario Ministry of Transportation 2008)he
inspection frequency is justified depending on the type of structure, existing problems, and
performance history. In case of any damage detgchomore detailed investigation and non
destructive testing techniques are required to mitigate the deficidheger@l Highway
Administration 2001 an@®ntarioMinistry of Transportation 2008)here are still a considerable

number of bridges identified as deficient in North Amerfeadéral Highway Administration 2001),
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since the integrity and accuracy of visual inspections strongly depend on the inspection quality. It
is, therefore, crucial to develop a quantitative assessment approach to evaluate the structural
performance of bridgeigrs subjected to the combination of reinforcement corrosion and service
load during their service life. The present study comprehensively investigates the eccentric
behaviour of corroded largecale RC bridge piers by conducting a thdeaensional nonhear

finite element analysis (3DILFEA). Reinforcement corrosion is defined as a staged phenomenon
and is simulated by reducing the cregstion of ties and longitudinal rebars, reducing the ductility

of reinforcing steel due to pitting corrosion, modifyithe compressive response of longitudinal
rebars (with the possibility of inelastic buckling), reducing the cover concrete compressive strength
(to account for possible cracking and spalling of the cover), degrading confinement effects, and

finally degraling bondslip behavior at each stage accordingly.

4.2 Proposed stagebased analysis

4.2.1 General

In the present study, the eccentric compressive behaviour of a corroded RC pier lot¢héed in
intermediate bent o&n existing bridgdas evaluated by developing a ouidative stagebased
analysis.A 3D-NLFEA is carried out using the commercial nonlinear finite element software
package DIANA(DIANA 2019)to propose a staged failure mechanism for aging bridges under the
combined effects of external axial lgadoment, and reinforcement corrosion. In the present model,
the reinforcement is modelled by the "besligh reinforcementt The bonekslip interface elements

are treated as beam elements to incorporate the effect of axiahthed lateral pressure dmet

core. Concrete is modelled by adopting solid brick and wedge elememntdefied tension
softening "Hordjik" and compression "fib 2010" curves are adopted as concrete tensile and
compressive responses. The confinement effect is incorporated by gdbptconfinement model

by Saatcioglu and Razvi (1992), i.e.,
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6 =260 r, et 4.6

Where f4. is the core compressive strength; is the concrete iplace compressive strength;

f. =K, f, is the equivalent lateral confinement pressuieis the lateral confinement pressure, and

k, =0.15 /EE ¢1.C for rectilinear transverse reinforcement (With s ands beingthe section
S %

width, transverse reinforcement spacing, and spacing of laterally supported longitudinal

reinforcement, respectivelyk, is an empirical parameted, is the transverse crosgctional area;
f..is the yield strength of the tigjis the number of tie legs; aag, & , €,,, andg, are the strains

at the peak and corresponding to 85% of peak stress for unconfined and confined concrete,
respectively.

A nonlinear structural analysis assuming both material and geometrical nonlinearities was
performed. A regular NewteRaphson iterate method and the "Total Lagrange" option were used

to perform geometricatonlinear analysis. The for@®ntrol, arelength, and line search control

options were used to control the ppsiak behaviour and improve the solution convergence.
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4.2.2 Corrosion-damage model
Assuming a constant corrosion rate, the main corrasdunced deteriorating effects on RC piers
that are adopted in the present study are summariZieabie 41. In an earlier study by the author,

the adopted damage model is described in detadtfian et al. 2020)

Table4-1 Summary of the adopted corrosion damage m@eghian et al. 2020)

Deteriorating . Equation
References effects Equation No.
d’-d ..~
NA Rebgr Cross X, == beor 390 47
section loss d,?
Cairns et Rebar's
ductility Eucor =[1:0 -100 3@X 5, ] 48
al. (2005) .
degradation
suggestion
by Possibility of )
Rodriguez  elastic Sercon = PE(0.250, o) /(0.75,,
etal. buckling
(1996)
? X= # yc,@orr ¢
i
fhz 1()(-1)+.L 1 «x 2
h: ‘?/fyc,corr :ll XZ- 1
- 002 x- L), xC&x 0R
i 0.2 othemise
) . X, = max{ 55 - 2.3} con ;}’
Kashani et Possibility of ' 49
al. (2013)  inelastic buckling /7, =max{a(1.1-0.016,, ) 4 0} '
/ _ fyc,corr S
P \/ 100 d,- 2,
€0.005 s/d, ¢ 5
frocor = f,o[L 100 BX ] ; b [90065 5<s/d, ¢10
t0.0125 s /d,> 10
Coronelli
and Cover Pz . 5 ( l)x H/t{,
Gambarova g?;cckrﬁte c.cor — 1+ KE‘l/ P 6 PBoas\ L7 [ 4.10
(2004) 9
Saatcioglu Confinement
and Razvi d dati substituting degraded values into E4¢4-4.6 NA
(1992) egradation
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af, %325 6

bu spilit, red = 416 5 O a_ 0 ( 1 -km ktr) 4.11
Degraded 682_5 Toth =
Blomfors et .
al. (2018) bondslip
response . ( :fg(o_ 16+ 1, ) Ly, it red for 0d¢, ®©.0 412
res,mod \ "tr | 0 4tbu,spi|it,red for 0.02< ktr

where d, and d are the urcorroded and corroded rebar diameter, respectivefyand e, .., are the ultimate

b, corr ut,corr

tensile strain of uncorroded and corroded rebar, respectigelyis tie spacing considering the possible loss of one or
more ties;#» and x are the nordimensional 8ess and strain respectively; is the softening coefficientSis the tie

spacingfr’, is the nordimensional stress corresponding ip (in case of no buckling);f
strength of corroded rebar; and, and /

is the compressive
are the nordimensional buckling parameters of the-eorroded and

yc, corr

p,corr

corroded rebar, respectiyelwhere f, and f__, are the compressive strength of undamaged and damaged concrete;

K =0.1is adopted by assuming ribbed bars with medium diametgis the concrete strain at the peak compressive
strength (taken as 0.0024; is the average tensile strain perpendicular to compressjgn; is the number of corroding

rebars;n,, =2 is the volume expansion ratio and is adopted fkdatina et al. (1993) x, is the corrosion penetration
depth and is calculated ag, :d—zbgl -1 X.» (as mentioned iDeng et al. (2018) andb, is the width of the un

corroded sectiony,, .. .4iS the reduced bond strengtland z‘res’mod(kt,)is the reduce residual bond capacity;
variables?,, k., and k, have been adopted from the Model Code 2010 (CEB. 2013).

4.2.3 Stagebasedcorrosion damagescenario

The current quantitative evaluation approach aims at proposing abstsg@ analysis to study the
structural performance of RC bridge piers under different levels of corréseonrding to field
investigations Andersen 1997and onsite observationsHgure4-1 (a) and (b)), the damage is
assumed to be localized in the splashing zone (middle third) of the pier. Foundation footings in cold
climates are required to be placed below the depth of fessttmtion, with a minimum of 1.2 m
below ground leve{CSA 2019) Considering the traffic level with respect to the foundation of the
column, it was assumed the splash zone corresponded to approximately the middle third of the
column. The proposed stapased damage scenario starts with the undamaagge, $ollowed by
three stages each representing different | evel
life, assuming no repair/rehabilitation intervention had occurred during that pgmoe. there is a

lack of field/laboratory timalepexdent data reporting bridge piers damage induced by

reinforcement corrosion, the staged corrosiaiuced deteriorating effects are assumed for low,
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medium and high levels of damage accumulation at a specific elapsedatichese estimated
according to te adopted corrosion damage model. In the proposediséasgel scenario, the cress

section reductiom the ties is assumed to tvece that ofthe longitudinal rebars at each stage. Two
reasons explain this assumption are: (a) the tie diameter is statighat of the longitudinal rebar
diameter, and (b) the ties are closer to the ambient environment and aggressive agents and are likely
to start corroding earlier. Stage 1 is defined as the early stages of corrosion in which the mass loss
percentage in #longitudinal rebars and ties are assumed to be 5% and 10%, respectively. The
material properties of both steel and concrete degrade accordingly using the models tabulated in

Table 41.

Stage 2 is assumed to represent a medium level of damage accumulation, with the mass loss in the
longitudinal rebars and ties increasing to 20% and 40%, respectively. At this stage, it is further
assumed that increasing the corrosiwtuced deterioratioeffects leads to connection loss between

two middle longitudinal rebars and ties at the corroded zone. The-gasstscenario assumes that
corrosion propagates stage 3, in which the mass loss percentage in the longitudinal rebars and ties
increases t@0% and 60%, respectively. At this stagdsiassumed that there is a possibility of

losing the fully rigid connection between all the longitudinal rebars and ties at the corroded zone

and of rupturing three adjacent middle ties, in addition to matdstatioration.

In order to corroborate the above assumptions of loss of connection between longitudinal reinforcing
bars and ties, an analytical approach was used to estimate the axial tie dtraito the axial load
induced lateral pressure in the Rfidge pierZaghian et al., 2022As a result otorrosion the tie
segment betwen two adjacent longitudinal rebars was assumed as-pirpineam (corrosion
induced loss of rigidity) The bendinginduced change in the projected length of the beam tie

segments between the longitudinal rebars was estimated usiddLEq.
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in which | is the length of the ties leg between two adjacent longitudinal rebary,isanie
bendinginduced deflection functionThe possibility of tie rupture was then investigated by
comparing the bendinmduced strain in Eqg4.13 with the yield strain of the corroded tie at each

stage Cairns et al. 2005More detailed explanations are provided in Zaghian et al. (2022).

(a) Toronto Gardiner Expressway (b) Underpass in Bells Corners, Ottawa

Figure4-1 (a) and (b) Corroded bridge piers {site observations by the Authors)

4.3 Validation of the proposed 3Dnonlinear finite elementanalysis

Two different corroded RC columns tested by Wang and Liang (2008), ZDX3bd ZXY 3502,

were simulated to assess the proposed 3DNLFE@u(e 4-2, a). Columns ZDY35@ and
ZXY350-2, with partial corroded length at the compressive side (350 mm long), were eccentrically
loaded with 152 mm and 54 mm eccentricities, respectively. Theameldiltimate strength of 18

mm longitudinal rebars were reported as 397.5 and 602.5 MPa, and thesextiés were reported

as 402.5 MPa and 475 MPa, respectively. The average weight loss of the corroded longitudinal top
tensile bars (side of castingpngitudinal bottom tensile bars (opposite side of casting), longitudinal
top compressive bars (side of casting), longitudinal bottom compressive bars (opposite side of

casting), tensile side ties, and compressive side ties in ZD2386re reported as B%, 1%,
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3.94%, 3.94%, 5.95%, and 6.21%, respectively, and those in column ZXX®%&0e reported as

1.62%, 1.48%, 5.59%, 5.43%, 6.5%, and 5.24%, respectively. An average mass loss of 6% was used
for the ties in the corroded zones in both columns. As showhgure 4-2 (), four zones are

defined: Zone 1 as undamaged corbels, Zone 2 as a damaged compressive zone, Zone 3 as an
undamaged zone of the column, and Zone 4 damaged tensile zone. Tie spacing within zones 1

and 3 are 50 mm, and within zones 2 and 4 are 100 mm. Following the adopted calaosawye

model, the mechanical properties of the rebars and concrete were degraded and then implemented
into the modelThe compressive stressrain response of the uncorroded and corroded rebars for
both columns is presentedrigure4-2 (b). As shown irFigure4-2 (b), the uncorroded compressive

rebar follows a hardening pegield response. After corrosion, there is a softening-pesd

behaviour that results fromlecreasing the rebar diameter and increasing the tie sgaeielgar

diameter ratio g) (Kashani et al. 2013)In these columns, there is no possibility for the

compressive longitudinal reinforcement (both uncorroded and corroded) to experience buckling
within the material proportional limit (Euler's formula aRaddriguez et al. 1996 The possible

failure mechanism is therefore expected to be steel yielding. The columns were meshed-using 60
mm solid CTE30 elements. The tensile longitudinal reinforcement and the columneties w
modelled by twenode onedimensional "bonglip" reinforcement. The compressive longitudinal
reinforcement was modelled using twode onadimensional embedded elements. The middle line

of the steel plate support, located at the column base, wasinedtfaom any translational
movement to simulate a simple support. The middle line of the steel loading plate at the column’s
top surface was restrained againspiane translational movemeriigure4-2, c). Further details

of the columns are provided frable 42.
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Figure 4-2 (a) Details of columns (casting side) tested bwndy and Liang (2008), all dimensions in mm; (b)
compressive stresgtrain response of the rebars; (c) modelling details: meshing, supports, loading

Table4-2 Details of RC columns tested by Wang and Liang (2008)

Cover and core compressive strength (control and corroded) (MPe
bxh L(mm) Zone 1 Zone 2 Zone 3 Zone 4

Specimens mmXmm _
( ) fc fdc fc,cor fd'c,corr ( ) fc fdc fc,cor fd.C,corr

ZDY350-2 192x204 1300 453 55.5 25.6 43.6 453 555 350 43.6

ZXY350-2 200x204 1300 45.3 55.5 22.36 43.6 453 555 328 43.6

O f4e.cor IS the concrete compressive strength of the core (confinement moSebigioglu and Razvi, 1992)
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The axial loaelateral deflection at the mideight of corroded columns ZDY38Dand ZXY 3502

based on the present model and the experimental test is presefigar@d-3. The figure shows

the numerical results are in good agreement in terms of ultimate capacity and rigidity. It is also
observed that the failure characteristics of the simulated columns ntegclkexperimental
observations with an acceptable agreement. The compressive bearing capacity of the corroded
column under larger eccentricity (ZDY3R) is expected to reduce significantly due to the
appearance of tensile stresses on one sitleeofolumnin addition to the seconradrder effects of

the compressive force. For column ZDY3B0by comparing the longitudinal stress of the main
longitudinal reinforcing bargin the zdirection) and the yield stress of corroded reinforcement
(393.5 MPa)the tensile corrodebtbngitudinal reinforcing barare observed to undergo yielding
under ultimate loadFigure4-4, a). By looking at the maximum principal stresses in the concrete
within the tensile side of the column, where the tensile strength of concrete is reduced by 3.3 MPa,
it is observed that flexural cracks with a maximum wiltlmost 0.75 mm spread into the casting

side and opposite of casting sidégure 4-4, b and c). Likewise, by comparing the minimum
principal stresses in tlwoncrete within the compressive side with the reduced compressive strength
of the damaged concrete (25.6 MPa), it is observed that the possibility of crushing within this zone
exists Figure 4-4, d). The failure characteristics of the simulated column represented well the
observations in the experimental test by Wang and Liang (2008), during which it was observed that
the failure mode of olumn ZDY35P (under larger eentricity) was characterized by yielding of

the tensile steel bars followed by failure of the column along two longitudinal coriosioced

cracks. The failure in the compressive side of the concrete was categorized as splitting or crushing
of concretealong the longitudinal corrosienduced cracks.

By comparing the maximum axial stress in the longitudinal direction of the main reinforcement

(Figure 4-4 (e)) with the steel yield stress of corroded compreskwngitudinal reinforcing bars
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(396.7 MPa as shown Figure4-4 (b)), and by comparing the concrete minimum principal stresses
and strainsKigure4-4 (g) and (h)with the compressive strength (22.4 MPa according to 7able

2) and correspondingtrain of cracked concrete, it is observed that the final failure of column
ZXY350-2 is attributed to yielding of the corroded compressivegitudinal reinforcing barand
crushing of the concrete in the compressive corroded side. There is no yielding in the tensile
longitudinal reinforcing bar@~igure4-4 (e)). Figure4-4 (f), shows the crack pattern in the column's
tensile side. The same failure characteristics were reportéhhg and Liang2008).

The experimental craagkg load in columns ZDY35Q and ZXY3502 was reported as 60 kN and

in the range of 20@00 kN, respectively. By inspecting the cracking patterns in the present
3DNLFEA, crackingfor columns ZDY352 and ZXY3502 starts at a load of 54 kN and 220 kN,

respetively, which is in good agreement with the test observations.

800
—— 7ZXY350-2,3DNLFEA
700
------ ZXY350-2,Test
600 — 7ZDY350-2,3DNLFEA
R Y et ZDY350-2,Test
< 500
©
®©
o
3 400
x
<
300
20 (e Tl
100
0
0 2 4 6 8 10 12

Mid-span lateral displacement (mm)

Figure 4-3 Axial load-mid-span lateral deformation of columns ZDY380and ZXY3502 based on the present
3DNLFEA and test by Wang andang (2008)
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Figure4-4 Results based on 3NLFEA at the failure point of column ZDY35®: (a) stress in reinforcement, (b) crack
width, (c) maximum principal stress, (d) minimum principal stress; and column ZXX3&) stress in reinforcement,
(f) crack width, (g) minimum principal strain, (h) minimum principal stress

4.4 Case study, results, and discussion

4.4.1 General

An intermediate €€olumn bent of a twspan slab on a prgressed girder bridge with a center
center span of 30.81 m from the Virginia State Bridge Inventory (Hevener 2003, based on Nutt et
al. 1998, NCHRP Report 126) was selected as the case stlidhe critical column of the bent was

designed for a range of load over capacity ratio (LOCR) of 0.4<LOCR<0.6 under different
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eccentricities (0<e <g=0.15). Eccentricitye, is the allowable practical eccentricity, ahds
defined as a square column crssstion depth. The reason behind such a high LOCR selection is
the possible increase in traffic intensity on aging bridges. The bent design fGIBWS6:19 CSA

2019) Figure 45 andTable4-3 show more details of the selected RC bent and pier.

. Concrete barrier wall ’
South integral abutment north integral abutment

2257 m

23.46m — Pier B-B
—3Am— Crossing Road S00mm )
FL""’?F__—__:__\_!.F::-—:—T—’i:::::;;::::::;’::::::H_H::______TFL’“‘)] - -
1 i )i i Lo X .
1 ~— E
' E 20-20M
?
gffTls 5m \. ./:
! [ ] L]

40mm cover
ties10M @50mm

|
Figure4-5 Configuration of bridge bent and pier

Table4-3 General information of designed bridge

Bridge substructure geometry

Multi-column bent (columns spacing at 3.1 m) wit
spreadootings on bedrock

Intermediate pier:

Pier cap size: 1.5 m by 0.8 m crossection
End abutment: Integral abutment
Bridge substructure material
Pier cap and pier iplace concrete strength: f. =35MPa
Concrete elastic modulus: E. =3500MPa®

Concrete cracking strength (norrtEnsity concrete): f, = 0.4\/f_c' =2.3MPa®

Yield strength, ultimate strength and strain of reBars ~ f, =420MPa,f, $25MPa.g, $6.14

M Model code 2010, CEB 2013
@ CSA S6:19
() CSAG30.18 Gr. 40
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4.4.2 Finite eementmodel

A 3DNLFEA was conducted using DIANA to study the structural performance of the RC pier under
the combination of the proposed corrosion scenario and eccentric load during its service life. The
load was applied in the tfed direction with a minimum allowable eccentricity

e, =15 #0.05h 30 mn (CSA S6:19 and an allowable practical eccentricitygp,=0.15. The

column was restrained against all translational and rotational movements at the base to simulate the
foundation's full rigidity. The column top was restrained against the translational movement in the
bending direction to simulate the bentluced partial stiffness, but it was unrestrained in the traffic
direction. The eccentric load was applied as-naform stress on a steel plate of-A0n thickness

to ensure the smooth transfer of the load and to avoid any possible local concrete damage below the
load (Figure4-6, a and b). Concrete was modelled using twamtye isoparametric solid brick
elements "CHX60", based on quadratic interpolation and Gauss integration, andnfiftken
isoparametric solid wedge elements "CTP45", based on quadratic interpolation andcaumeri
integration Figure 4-6, c). Meshes with 5050 mm elements were used in the 3DNLFEA. The
reinforcement was modelled using tmode onadimensional "boneklip” reinforcement. The bord

slip interface elements were treated as beam elements.

It was assumed that corrostorduced deterioration effects are generated in three stages, as
discussed earlier and summarizedlable 4-4. At stage 3, the wplace compressive strength of
concrete in the confinement model $gatcioglu and Razvi (1992) was assumaedaoce from the
initial value of 35 MPa due to corrosiamduced cracking and possible damage propagation towards
the core. Aparametric study was conducted to investigate the effect of {plade compressive
strength of concrete on the proposed evaluation approach. -ta&cen compressive strength of
concrete was reduced from 35 MPa to 33 MPa, 30 MPa, 28 MPa, 25 MPa, avieal0

corresponding to stage 3a, stage 3b, stage 3c, stage 3d, and stage 3e, respectively. At Stage 3, the
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degraded confinement effect is assumed to be attributed to the reduced conglete in

compressive strength and the tie properties degradation.

Bycompari ng t h-nduted straid (Ed).E)raddithe gorroded ties yield strain at each
corrosion stage, it is observed that there is a possibiliig édilure at the corroded zone at stage 3
(Table4-5). Three adjacent middle ties of a highly corroded pier (stage 3) were assumed to rupture
since he ties are spaced tightly. In the FE model, three different zones were defined in the RC pier:
zone 1 as uncorroded, zone 2 as the-timidl zone of the RC pier (corroded zone), and zone 3 as

the zone where three ties are ruptuteédyre4-6,d). The compressive stresgain response of the
uncorroded rebars was modelled using the model propodetdkal and Maekawa (200digure

4-6, e). There is no possibility of elastic buckling of the compressive longitudinal rebars, even if
affected by corrosion, due tsufficient lateral confinement provided by the tightly spaced ties
(estimated according to Euler's formula and recommendatioRsdhyguez et al., 1996Figure4-

6 (e) shows the deteriorated compressive ststisEn response of the corroded rebars at each
corrosion stage in different zondsaShani et al., 2013)he constitutive model of the uncorroded

and corroded rebars at stages 1, stage 2, and stage 3 (zone 2) is observed to follow a hardening post
yield response. The constitutive model of the compressive rebame 3 at stage 3 follows a
softening posyield response, which shows that failure is governed by yielding, followed by
inelastic buckling. The properties of the damaged concrete cover and core at different stages are
summarized imable4-6. The compressive strength of the damaged cover and core were estimated
according toCoronelli and Gambarovg2004) and by modifying the confinement model by

Saatcioglu and Razvi (1992spectively.
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Table4-4 Summary of assumptions made for different corrostagegZaghian et al., 2022)

Stage Assumptions

Longitudinal rebar mass loss 5%

Tie mass loss of 10%

Material properties degradation (Taldld)

Initial in-place compressive strength in the confinement mode

Stage 1

Longitudinal rebar mass loss of 20%

Tie mass loss of 40%

Material properties degradation (Taldld)

Loss of fullyrigid connection between the ties and two mid
longitudinal rebars

Initial in-place compressive strength in the confinement mode

Stage 2

Longitudinal rebar mass loss of 30%

Tie mass loss 0%

Material properties (Tablé-1)

Loss of fully-rigid connection between all the ties and longitudi
rebars

Rupture of three adjacent ties at the middle height of the
column

Variable Inplace compressive strength (a,b,c.d,e)

Stage 3

o Bo ToToToTo  Po ToToTo o T ToTo e

Table4-5- Analytical axial tie strain due to axidad induced lateral pressure in the RC bridge pier

Initial tie Corroded tie . Corroded tie
: Area loss Area loss . Corroded tie . (=]
Stage diameter rebar tie diameter ield stain yield stress
(mm) (mm) y (MPa)
Stage3 113 0.3 0.6 7.14 0.00084 168 0.012
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Figure4-6 (a) Configuration of RC bridge column in DIANA (e=30mm), (b) Configuration of RC bridge column in
DIANA (e=75mm), (c) Concrete section mesh, (d) Configuration of designed RC column (uncorroded and corroded),
all dimensions aren mm, (e) Compressive stresBain response of longitudinal rebarsliferent stages of corrosion

Table4-6 Properties of concrete at each stage of corrosion

Concrete compressive strength (MPa)

. Longitudinal .
Corrosion rebar Tie
stages X Xeon Zone 1 Zone 2 Zone 3
cover core cover core cover core
uncorroded NA NA 35 56.17 NA NA NA NA
Stage 1 5% 10% 35 56.17 9 52.82 NA NA
Stage 2 20% 40% 35 56.17 negligible 44 negligible  NA
Stage 3,a 30% 60% 35 56.17 negligible 37.58 negligible 33.82
Stage 3,b 30% 60% 35 56.17 negligible 34.58 negligible 30.82
Stage 3,c 30% 60% 35 56.17 negligible 32.58 negligible 28.82
Stage 3.d 30% 60% 35 56.17 negligible 29.58 negligible 25.82
Stage 3,e 30% 60% 35 56.17 negligible 24.58 negligible 20.82
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4.4.3 Discussion ofresults

4.4.3.1 oad-deflection response and failure pattern

The loadmaximum lateral displacement and the lmaaximum vertical displacement of the

uncorroded and corroded RC pier under load with eccentricitieg,of 30 mm ande, =75 mm

are shown irFigure4-7 through4-10. A staged drop in ultimate capacity, ductility, and rigidity is
observed in the corroded RC pier by increasing corrosion levétggune4-7, up o 54% reduction
in ultimate capacity and up to 52% reduction in lateral deformation are observed for the heavily

corroded RC pier (stage 3,e) subjected to the axial load applied at an eccentejcity 89 mm.

As shown inFigure4-11 (a), a staged drop in ultimate capacity of 14%, 37%, 39%, 41%, 44%, and
47% is observed for the corroded RC pier subjected to the combinatiencehtric load (

e... =30 mm) and corrosion (stage 1 through stage 3, d, respectively). A sudden drop in the ultimate

capacity of the RC pier from stage 1 to stage 2 is attributed to both cover and core concrete
deterioration, with consequelass of the connection between the affected ties and the two middle
longitudinal rebars. The staged reduction of the maximum lateral deformation of the corroded RC
column is evident irFigure 47. Comparing the results shown kigure 47 andFigure 48, it is
observed that the present 3DNLFEA is efficiently capable of capturing the decrease in load capacity
and increase in lateral deformation of the corroded RC pier with larger eccentricity. For the heavily

corroded RC pier (stage 3,e) with larger ecceityr( e, =75 mm), up to 51% reduction in ultimate

capacity is observedrigure 411, b). Up to 55% reduction in lateral deformation compared to the
uncorroded pier is observeHigure 48). Figures4-9 and4-10 show the effect of differdrstages
of corrosion on the reduction of ultimate axial capaaiyial deformation, and axial rigidity of

eccentric corroded RC piers.
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Figure4-12 illustrates the failure pattern of the uncorroded RC pier with minimum eccentricity (

e, =30 mm). The figure shows that the compression side within the lower half of the column

undergoes crushing by comparing the minimum principal stresses and the compressive strength of
the concrete coveF{gure4-12, a). No flexural cracks on the tensile side are observed. The tensile

longitudinal rebar close to the fixed support reacl®s=8 MPa without yielding, and the

compressive rebars close to the fixed support reach almost 93% of the pragdirtit (Figure4-
12, b). Crushing of concrete on the compressive side is the primary failure mechanism of the RC

column with smaller eccentricity.

The failure pattern of the uncorroded RC pier with an allowable practical eccentricity of 75 mm is
shownin Figure 414. By increasing the eccentricity to 75 mm, the presence of flexural tensile
cracking Figure 414, a) results in a more ductile failure pattern compared to the case of the pier
with minimum eccentricity. By comparing the minimum principaksses and the compressive
strength of the concrete cover, concrete crushing in the lower half of the RC pier is dé&lgcied (

4-14, b). The tensile longitudinal rebar's Cauchy stresses close to the fixed support increase to

S,, =96 MPa without yielding. The compressidengitudinal reinforcing barslose to the fixed

support reach almost 81% of the proportional lirRig(re 414, c). It is observed that even under
an eccentricity of 75 mm, final failure is characterized by concrete ingustithout any tensile

rebar yielding, as it was expected from the design interaction diagram.

Figures4-13 and4-15 show the corroded RC pier's local and global failure mechanisms at stage 3,e

with eccentricities of 30 mm and 75 mm, respectively. For both piers, the damage is localized in the
mid-region (corroded zone) at ultimate capacity and failure. As mentioned earlier, it is assumed that
cover concrete spalls off at stage 3. Furthermmre,en after the | oss of th

the consequent increase in slenderness ratio in zone 3, there is no possibility of elastic buckling of
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the compressive longitudinal reinforcement in the corrosion zone according to the modified critical
strength of corroded rebar proposedRiydriguez et al. (1996)nelastic buckling of thiongitudinal

reinforcing bargesults in a possible pepeak softening betviour in the stresstrain response of
the corroded rebars due to the increase in the slenderness ratio}qaltb >8 (Kashani et al.,

2015)

By comparing the minimum principal strains of concrete at the ofséitmate capacity and failure

to the ultimate strain of concrete kingures 4-13 (a) and(b), it can be observed that core crushing
occurs within the midheight compressive side (zone 3). The same conclusion can be drawn from
Figures 4-13 (c) and(d), by comparing the minimum principal stresses in the core concrete with its
reduced compressive strength frarable 46. The corroded rebars at the middle height of the
column are observed to yield (zone 2) and buckle (zone 3) at the onset of ultimatéy Gaphci
failure (Figure 413, e,f). Figure4-15 (af) shows a similar failure mechanism for the highly
corroded RC pier with an eccentricity of 75 mm. Pier failure is governed by crushing the core
concrete and yieldinthe corroded compressil@ngitudinal reinforcing bardollowed by inelastic
buckling atthe mid-height of the column (zone 3). By increasing the eccentricity to 75 mm, the
maximum tensile rebar stress increases to 50 MPa and 170 MPa at the onsetaté chipacity

and failure, respectivelyF(gure4-15, e,f). These stresses are still under the proportional limit of
corroded rebars. BothRigures 413 and 415 illustrate a brittle global failure pattern for heavily
corroded piers (stage 3,e) under aked eccentricity of 30 mm and 75 mm, attributed to the
localized damage in zone 3 at the rhieight of the inrservice piers (assumed to be tlegion

observed witlthe most damage in #service bridge piers)
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4.4.3. M1 Ny interaction diagram

Generally, thectual axial and moment resistance of RC columns subjected to combined axial loads
and moments are related through thg N{ interaction diagram. The interaction diagrams of the
RC pier at different stages of its service life (uncorroded and corrodeafjasst, 2, and 3b) were

generated based on the proposed 3D NLFEA, illustratédgure 4-16. The interaction diagram

shows the nominal axial load issnceN, =0.75N,; as givenin CSA S6:19in which N, is the

nominal pure axial capacity based on the present FE modelMrhshows the nominal moment

resistance of the pier. The contraction of the interaction diagram and LOCR increase for a specific
applied service load as corrosioduced damage in the RC pier accumulates, going from the

uncorroded stage to stage 3, is evidenFigure4-16. In Figure 4-16, the rangeof allowed and
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practical eccentricities as dictated by the code for bipags CSA S6:19 are showras Line 1 and

Line 2. The area of the interaction diagram at each stage of corrosion, bounded by Line 1 and Line
2, is an indicator of the safe zori&ing from stage 1 to stage 2, it is assumed that the cover spalls
off and the middle longitudinal rebars and ties lose connection, which @lasssn stiffness and

an increasing ieccentricity. This is the main reasthrat leads tdhe bilinear pattern of lines 1 and

2 in Figure4-16.

For a load combination leading to steehtrolled failure, the present 3D NLFEA results in the
failure mechanism that wouldebexpected. As an example, the 3D NLFEA framework was
conducted onhe RC pier subjected to an axial load witheagentricitye =220 mm and assumed

to have corrosioinduced deterioration corresponding to stagé&He failure characteriss of the
corroded pier are shown Figure4-17. Global failure starts with flexural cracks development on
the tensile side of the piefFiQure 4-17, b), followed first by yielding of corroded tensile
reinforcement and then by yielding of corroded compressive reinforcement in Zeigeir24-17,

c). According to the stresstrain response of corroded compresswvgitudinal reinforcing barat
stage 2 igure4-6, e), the rebars follow a hardening ppstak response without buckling due to
the small slenderness ratio. Concrete on the compressive side of the pier is obseyael toe
onset of crushing by comparing the minimum principal strain with the ultimate concrete strain

(Figure4-17, a).
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4.5 Summary and conclusions

In the present study, a comprehensive NLFEA was proposed to investigate the structural
performance of RC bridge piers subjected to the combination of staged coinokioad damage

and axial load atitferent eccentricities. A comprehensive corrosion damage model was adopted
from the literature. The corrosion was simulated by incorporating the reinforcement mechanical and
geometrical degradation, concrete core and cover deterioration, andliporegponse degradation.

In the present model, the miklird of the bridge pier was assumed to be subjected to possible
corrosioninduced damage. A stadpased corrosion scenario was then assumed and introduced
during different stages of the bridge's service. lifhree comprehensive corrosion stages were
studied in the proposed scenario: stage 1, stage 2, and stage 3. The results show a gradual reduction

in the ultimate capacity, ductility, and rigidity of the pier by increasing the corrosion level to stage
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3. The present model is efficiently and quantitatively capable of capturing the failure mechanism of
the corroded bridge pier under eccentric load. The corroded pier (at all stages of damage) subjected
to smaller eccentricities was observed to follow a conspvagsontrolled failure mechanism by
concrete core crushing, compressive corroded rebar yielding angigidsbuckling at the middle

height of the pier (corroded zone). The present model can also capture thet¢engiolhed failure
mechanism in RC piewith larger eccentricities. The ultimate capacity occurs due to increased
tensile stresses, consequent formation and growth of cracks and yielding of tensile corroded rebars,
followed by yielding of compressivengitudinal reinforcing barand crushingf the concrete core

in the corroded region at the middle height of the pier.

A gradual reduction of corroded piers' capacity to unsafe levels and the possibility of an increase in
traffic intensity should be considered as leading contributions to disagiincrease in the load
overcapacity ratio of the bridge piers. The present methodology proposes a quantitative tool to

evaluate the corrosieimduced capacity reduction in the bridge piers during their service life.
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Chapter 5: Nonlinear Finite Element Modelling of Bridge
Piersunder the Combined Effectof Corrosion, Freeze
Thaw Cycles,and Service Load

Abstract

Corrosion of reinforcing steel in reinforced concrete (RC) infrastructure is one of the most
concerning durability problems affecting its serviceability and ultimate capacity in North America.
The rise of greenhouse emissions in recent decadebh@anse of décing salts during the winter
increase the potential risk of corrosion. Furthermore, global warming could lead to higher freeze
thaw cycles (FTC) frequency in cold regions. The combined effects of corrosion and frost damage
tendto affectagi ng RC i nfrastructureds structur al per
adopts comprehensive reinforcement corrosion and frost damage models from the literature and
proposes a stageased damage analysis scenario. THdigeensional nonlinear rite element
analyses using the commercially available finite element program DIANA are conducted to evaluate
the structural performance of RC bridge piers under the synergetic effects of FTCs, corrosion, and
service load during their service life. The posed methodology for each damage mechanism is
assessed by comparison with available experimental data from the literature. The synergetic effects
cannot be validated because there is no data, but the methodology highlights the deterioration rate
at whichseveral mechanisms acting at the same time can affect the structural performance of these

members.

SThis chapter ipublishedin Structural Concretg€Zaghian, S., MartifPérez, B., Almansour, H., and Shirkhani, H.

(203) . ANonlinear finite element modelling otfthaweyiled,ge pi e
and service | oa dPublish8donlinecahead ofprint F2bruac/e®23.e ,
https://doi.org/10.1002/suc0.202200370he pagr is the own work of the candidate; author H. Shirkhani has
contributed to the climate data analysigained from Environment and Climate Change Canada
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5.1 Introduction

Chlorideinduced corrosion of reinforcing steel due to the use o€idg salts in winter and frost
damage due to freeze and thaw cycles (FB8sknown as the prevalent deteriorating mechanisms

of reinforced concrete (RC) infrastructure in Canada. While there has been a growing number of
studies on the effects of corrosion on the mechanical properties of reinforcing bars, concrete, bond
propeties between rebars and concr@erra et al. 199 Coronelli and Gambaro\v2004 Kashani

et al. 2013)and structural performance of RC membgx&a et al. 2016aDeng et al. 2018
Mohammed 2014 the last two decades, the structural performance of RC members, especially
RC columns damaged by FTCs or synergetic effects of corrosion and FTCs, hastulokeh

scarcely.

The degrading effects of pitting and uniform corrosion on the material properties of steel and
concrete have been observed as rebaras< t i on al | oss ( Famdweday 6 s
ductility degradatioriCairns et al. 2005}he possibility of elagt and inelastic buckling of corroded

rebars due to the e b a r ésectiooal redsicgion and confinement degradatR®odriguez et al.

1996k Kashani et al. 2015)eduction in compressive strength of the concrete cover due to possibl
cracking and spallingCoronelli and Gambarova 2004pss of partial confinement, and bond
behaviour degradatiofBerra et & 1997 Lundgren 2001)Some studies have expressed the effect

of corrosion on the strength and ductility of steel rebars as a function of cosmodimed steel

mass losgAlmusallam 2001 Du et al. 2005. Longi tudi n-settional ébksaandd s cr
transverse reinforcement corrosion followed by loss of partial confinement increase the possibility

of longitudinal rebar buckling, which is considered a critical corrosion outcome in RC columns.
Corrosion icreases the possibility of rotation between ties and longitudinal reinforcement, leading

to loss of the fulffixity condition. Based onrRodr i guez et al .d6s recomme

effective |l ength in Eul er 6s fetHedie gpaciag altows thei c a |
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incorporation of the possibility of corroded rebars' elastic bucKRagriguez et al. 1996b)t is

also crucial to consider the possibility of inelastic buckling of corroded rebars in earthquake zones.
To this enda compressive stressrain response for corroded rebar based on the DiNaakawa
buckling model(Dhakal and Maekawa 2008)as develope@Kashani et al. 2013jand the effect

of different corrosion levels on the inelastic buckling behaviour of steel reinforcement was evaluated
(Kashani et al. 2013)Coronelli and Gambarové2004) proposed an expression to reduce the
compressive strength of the concrete in the presence of corpdiaced cracking, adopting the
model developed byecchio and Colling1986) Over the past few decadesany studies have also

been conducted on the adverse effects of corrasauced product expansion on RC members'
bondslip behaviour(Lundgren 2005a8Blomfors et al. 2018)The structural performancé smalt

scale corroded RC columns has been studied experimef&allp et al. 2014Xia et al. 20163)

with few numerical studies also investigating the seismifopeance of corroded RC columns
(Mohammed 2014Kashani et al. 2017)n a recent study, the authors investigated the structural
performance of r@-scale corroded RC bridge piers under the combination of different levels of

corrosion and concentric traffic logdaghian et al2022)

There are also numerous studies on the primary mechanism of frost damage and concrete
mechanical properties degradation induced by FlR&dersen et al. 200 et al. 2017) Frost

attacks the concrete externally due to thermal expansion differential between ice and concrete,
which appears as scaling spalling of the surface concrete, or internally due to volume expansion
inside the concrete pore structunénich appears as mechanical properties deterioration resulting in
cracking and quality degradation of the conci@andi Hanjari et al. 2013)Currently, several
standards are used in different countries to test ssnalé norreinforced concrete members under
FTCs,such as ASTM C666C666/C666M15 2015) GB/T 500822009(GB/T500822009 2009)

and RILEM TC 117CDF (RILEM TC-117 FDC- 1993) These standards have specific test
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conditions, such as the number of FTGsp e c i sm®,ncgclie duration, specimen age, and
temperature range. Researchewaducting studies on fresamaged RC structural members need

to use an equivalent number of cycles convertible to one of the abovementioned standards to
compare the results based on their studies to those based on(B#mtoset al. 2015)Many
researchers have widely investigated the behaviour of-dievetaged concrete itension and
compressioifLi et al. 2017Hanjari et al. 2011Hasan et al. 2008\ significant reduction of frost
damaged concrete modulus of elasticity has been repextedsively(Shang and Song 2006
Petersen et al. 200Li et al. 2017) Many researchers have also studied the deteriorating effect of
frost damage on the bond behavigBetersen et al. 200Zandi Hanjari et al. 2009ayVhile the

frost damage mechanisms and effects of FTCs on the mechanical behaviour of concrete have been
evolving regarch topics during the last decades, a reliable assessment method to predict the load
carrying capacity and remaining service life of frdatmaged RC structures is crucial for repair
strategy and optimized mai nt e naowledge, ot eacqugh. To
attention has been given to the reahale structural behaviour of fredamaged RC members,
especially RC columns. Only a few studies have investigated the destructive effects of frost damage
on the loaedeflection capacity of RC beanfHassanzadeh and Fagerlund 20@6étersen et al.

2007, Zandi Hanjari et al. 2013Qin et al.(2017)studied the seismic behaviour of RC columns
subjected to FTCdn this study, four identical columns were tested experimentally, undergoing O,
100, 200, and 300 FT@&cording to the Chinese code GB/T50@8®9(GB/T500822009 2009)

The specimens were then assembled onto a foundation, and low cyclic loading was applied at the
top of the columns. The results were then verified by comparing to those based on simulations for
hysteretic response. It was observed that the strength dégradesults based on the proposed
finite element (FE) simulation and the experimental tests were in good agreement before the peak

point, and they were slightly different after the peak due to ignoring thedignidehaviour in the
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implemented freezéhaw damage model. It was also observed that FTC deterioration did not tend
to change the columndés failure mode,lLuatad al I
(2019)conducted a seismic fragility analysis on recycled aggregate concrete (Rédge) tolumns
damaged by FTCs. In this study, the authors adopted the earlier published experimefital efta

al. 2018apnd developed a new freeteaw damage model. The damage model was then integrated
into the FE software OpenSees. It was observed that by incréasingmber of FTCs and recycled

coarse aggregate, the fragility increases significantly.

There is still a scarcity of numerical studies on the effects of frost damage or synergetic effects of
corrosion and frost damage on rsable RC bridge piers undservice load. Only a few studies

have investigated the synergetic effects of frost damage and corrosion on the structural performance
of smallscale RC members experimentglBiao etal. 2011 Diao et al. 2012Dabaset al.2019)

The present study aims to address this gap; the structural performance of an agesgplarB€

bridge pier under the synergetic effect of corrosion, FTCs, and concentric/eccentric load is
investigate by conducting a stageased threglimensional nonlinear finite element analysis {3D
NLFEA). Comprehensive reinforcement corrosion and frost damage models are adopted from the
literature. Previously tested damaged RC beams and columns are modelled,rasdIth are then
compared to those based on available test data to assess the accuracy of the adopted damage models
and proposed methodology. The synergistic effect of corrosion and frost damage on the designed
RC bridge pier is defined as a staged plnegroon during the bridge service life, and at each stage,

it is simulated by incorporating all the deteriorating effects adopted from the literature. The
combined damage model is then incorporated into the finite element model to investigate the

structuralperformance of the ageing bridge pier over time.

170



5.2 Proposed 3D nonlinear finite element model

5.2.1 General

A 3D-NLFEA is carried out in the present study using DIANA (a commercial finite element
software packag@iana 2019. In the proposedtagebased analysis, different corrosion and frost
damage stages are defined to incorporate the effects of variable deteriorating factors over the
bridge's service life, explained in detail in the following sections. The adopted corrosion damage
model waexplained in detail in an earlier study by the autlideghian et al. 2022Yhe corrosion

induced deteriorating effects induie r eb as ést icomasls | os s, rebar 6s
(Cairnsetal. 2005) r ebar 6 s c estrannmesporse degradatian r(pessibility of elastic

and inelastic buckling)Rodriguez et al. 1996Kashani et al. 2013¢onfinement degradation, and
bondslip response degradati@@lomfors et al. 2018)A summary of the adopted corrosion damage
model is tabulated ifable5-1. The adopted frost damage model is explained in the following
section. In the proposed 3WLFEA, concrete is modelled by adopting solid brick and wedge
elements, and the confinement effectinsorporated by adopting the confinement model by
Saatcioglu and Razyil992) A regular NewtorRaphson iterative method is used along with the

"Total Lagrange" as the geometricafignlinear analysis.

Table5-1 Summary of the adopted corrosion damage model

Reference Deteriorating effects Equation
dz?-d ..°
NA Rebar crossection loss X corr :% 300
b
Ca(lgr(;%g)t al. Rebar's ductility degradation @ucor =[1:0 -100 3a@X . ] .

Rodriguez et

T . . _ 2
al. (1996a) Possibility of elastic buckling s = ﬁE(O.ZSdeCO") 1(0.7%,, §

cr,corr
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,Ié : # yC@O" @
jhz l()(-1){[ 1 x 2
h= ~7/fyc,corr _’[ Xy - 1
}hz- 0.0 x-,x ,x¢&x 0%
i 0.2 othemise
) X, max{ 55 - 2.3} con ;}7
Kashani etal. o, qinility of inelastic bucklin |
(2013) y 9 5 =max{a(1.1-0.016,,,) 4 :0p
| = fyc,corr S
P "\"100 d, - 2,
§0.005 s/d,¢5
foor =1 100 BX_ ] ; b {90065 5<s/d ¢10
b0.0125 s /d > 10
Coronelli and
Gambarova Cover concrete cracking fecor :ﬁ 16 2 Poas( 1 YXg/by
(2004) 4/ &

Saatcioglu and
Razvi(1992)

By substituting degraded values into the confinement mao

Confinement degradation by Saatcioglu and Raz8aatcioglu and Razvi 1992)

af, 6825 6
bu spilit,red — 416 5632_5 9 (}E_b 9(1 « ktr)

Blomfors et al.

(2018) Degraded bondlip response

ok )_§(O.16+ 1K, ) Loy fOr Ok, ®©.0
e\ 7204 for 0.02<k,
are the urcorroded and corroded rebar diameter, respectivejyand g are the ultimate

tensile strain of uncorroded and corroded rebar, respectigglys tie spacing consideringdtpossible loss of one or

bu, spilit, red

where d, and d

b,corr ut corr

more ties;! and x are nordimensional compressive stress and strain, respecti@lys a softening coefficientis
the tie spacings’, is the nondimensional stress corresponding & (in case of no buckling);f . .. is the
compressive strength of corroded rebar; angd,and /

corroded and corroded rebar, respectivefy; and f

are the nordimensional buckling parameters of the un

p,corr

are the compressive strength of undamaged and damaged

c,cor

concrete, respectivelf§ =0.1 is adopted by assuming ribbed bars with medium diam8igis the concrete strain at

the peak compressive strength (taken as 0.06js the average tensile strain perpendicular to compressjgn; is
the number of corroding rebars;, = 2 is the volume expansion ratio and is adopted f\dalina et a{Molina et al.

d .
1993) chis the corrosion penetration depth and is calculatedc,a§—bgl -J1 X, (as mentioned iDeng et

al.(Deng et al. 201§) b, is the width of the wtorroded sectiory,,, _ ;. .S the reduced bond strength and . (k)
is the reduced residual bond capacity; variablesk,,, and k, have been adopted from the Model Code ZBitO

2013)
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5.2.2 Modelling frost-damage

During the cold months of Canada, RC bridge piers are susceptible to frost damage, especially in
the presence of splashedidmg salts. The internal damages caused by FTCs are incorporated into
the present 3INLFEA by changing the concrete mechanicalpemies. The critical degree of
saturatiorScris an essential parameter in defining the findiced damage level, which is unique

for different concrete@~agerlund 2004)Even under many FTCs, no damage has been reported in
concretes with a saturation degfieelow the critical saturation lev&tr(Fagerlund 2004)When

the saturation degré&s higher than the critical saturation le$ek, the effect ofatigue or repeated

FTCs becomes more significant. Fagerlund proposed a linear relationship between the damage level

D, defined as the relative reduction in modulus of eIastidDy=((EC -Ef)/Et), the degree of
concrete saturatioBand the critical valu&cr, as given by Ecp.1 (Fagerlund 2004)VariablesE.

and Ef are respectively the sound and damaged modulus of elasticity of concrete. In the present

study, a critical degree of saturationSk = 0.77 corresponding to concrete with w/c of 0.4 was
used (Romben 1973)Here it is assumed that concrete is fully saturated, $.e,1, which

corresponds ttheworst case condition.

g§S¢ S, , DD

, 5.1
1S>%: . D=K(S -§)

in which Ky, is a coefficient of fatigue taken &6, =1.2N/(N +4), andN is the number of FTCs.

In the presentstudy, frost damage is simulated by incorporating models of-iftdsted
deteriorating effects proposed in the literature. The primary degradation effects include: degrading
the concrete compressive and tensile stsérssn responses and reducing theorete modulus of
elasticity in the concrete cover and core. The fdashage model proposed byet al. (2017)is

adopted. I n Li et al.déds model |, the degraded m
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and concreteensile strength, were established as a function of the relative compressive strength
(ratio of degraded to sound concrete compressive strength) by collecting and analyzing previously
tested frosdamaged samples (E§2 and5.3, respectively)ln thepresenstudy,thedamagdevel

D wasestimatedisingEq.5.1, consideringhenumberof FTCs.Thedegradeanodulusof elasticity
Ef wasthenestimatedusing Ef =E (1 -D). The degraded compressive strength of the concrete
fcd was estimated from E&.2 (Li et al. 2017) which was then substituted into Ef3 (Li et al.

2017)to estimate the froshduced reduced tensile strength of concﬁgte

E £
o =14238 -0.423 5.2

C C
in which f, is the sound concrete compressive strength.

f¢ fo
- =104125 00412 5.3

t C

in which f, is the sound concrete tensile strengtiecompressivetrainatthe peakstressof frost-

damagedoncretg ef ) is estimatedaccordingo ZandiHanjarietal. (2013)

4 5483

&' =0.0008 < 1242 54

Thedegradedractureenergy( Gg) is assumedo increasesignificantly asfrost damageprogresses,

asexpresseth Eq5.5 (ZandiHanjarietal. 2013)

810
Gt :Gpoaef—
G 'c

5.5

| O: O
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in which G, is the fracture energy before any damage.

5.2.3 Validation of 3D nonlinear finite element analysis

The adopted corrosion damage model was assessed by simetatodpd RC columns reported in

the literaturgZaghian et al. 2020)The details of the verification study conducted on the corroded

RC columns tested bRrodriguez et al(1996b)andWang and Liang2008)are presented in an

earlier study by the autho(Zaghian efal. 2020) There is a scarcity of research on the structural
performance of RC columns subjected to frost damage. The accuracy and efficiency of the adopted
frostdamage model are verified by simulating the fidetaged flexurajoverned beam (B

teded byHassanzadeh and Fagerlui2806) Beam 1 has a span of 4.4 m with a cresstion of

0.2 m by 0.5 m, and it is reinforced with four-&0n longitudinal rebars at the tensile zone and 28
8-mm stirryps spaced at 130mm. The control beam was cast with concrete with a compressive
strength of 37.6 MPa, and the compressive strength ofdemetiged concrete was reported as 17.5
MPa. The reinforcement yield strength was reported as 590 MPa. The beamdeaswith two

point loads at the middle thirds of the beam. The deteriorated properties of thuafresied beam

were estimated according to E@sl-5.5. The loaddeflection response of the control and frost
damaged beam is shown kigure 5-1 (a). A significant reduction in stiffness and capacity and
deflection increase for the same load level is attributed to the deterioration einflostd
mechanical properties. The numericasults compare well with the experimental ones, although

the stiffness and capacity of the damaged beam are slightly overestimated and underestimated,
respectively. Comparing the results of the present model and experimental test, the present model
undeestimates the ultimate capacity and deflection of the damaged bepby (B0O% and 1.6%,
respectively, which shows an acceptable agreement. Comparing the minimum principal gtress (S

in the compressive zone of the damaged beam with the degraded conepstsmigth of the

175



deteriorated concrete suggests a brittle failure in the-flastaged beam (crushing of concrete as

shown inFigure5-1,b).

SXX
(N/mm?)
619.48
l 542,02
400 46457
TR m\\l\'””y\ gg;(]);
350 LOII i s
L } .
300 i 154.75
I 77.30
— - -0.16
Z 250
Ecwl
o 200 (mm)
2.00
o |
= 150 175
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100 S B1,control-exp 1 -gg
4
50 [/ | T B1l-damaged-NLFEA 075
------- Bl-damaged-exp 050
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0 I 0.00
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Deflection (mm)

@) (b)

Figure5-1 (a) Loaddeflection of control and frostamaged beam tested by Hassanzadeh and Fadéthssdnzadeh
and Fagerlund 2006(b) rebars Cauchy total stress distributiogkjScrack width (Ew1), and principal minimum stress
(%)

The combined effects of corrosion and frost damage on the structural performancescdleRC
members have not been studied widely to the best of the authors' knowledge. Diao et al. studied the
coupled effects otorrosion and FTCs on the structural performance of ssoale RC columns

(Diao et al. 2012)In this study, five RC columns were cast with a total length of 700 mm, and width
and depth of the crossection in the middle length di00 mm and 200 mm, respectively. Four
longitudinal rebars of 10 mm with a yield strength of 360 MPa and transverse reinforcement of 6
mm with a yield strength of 300 MPa were used. The axial load was applied with an eccentricity of
130 mm. T h eor tdsErhethadd afrlodgermi performance and durability of ordinary
concret eo -ROGP inTChina QvAs8uBed to perform the FTTke specimens were
immersed in seawater after every three FTCs. The failure mode of all the five columns, including

the ontrol (undamaged) and damaged columns with different degrees of damage, was reported as
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flexural tensile. The interaction diagrams of the undamaged column-QF@hd damaged column
(COL-1), which were subjected to 300 FTCs and 100 seawater immersioesgeveerated in the
present study, as illustratedfigure5-2, in which solid lines and dotted lines show the interaction
curves and reported ultimate loads, respectivaliao et al.(2012), it was reported that the ties
were all corroded and covered by rust thoroughly and the-seassn loss rate of the longdinal
rebarswas70%. The load was applied with an eccentricity of 130 mm to the delsigackets at

the end othecolumns.

The compressive strength of concrete subjected to 300 FTCs was reported as 30ThéMPa.
degraded properties of the materialrevestimated according to the adopted corrosion and frost
damage models to generate tommfinedinteraction diagram of the COL The ultimate capacity

of COL-0 and COL1 were reported as 260 kPa and 230 kHaiao et al.(2012. Considering the
reportedultimate capacity and the applied load eccentricg/shown irFigure5-2 and as reported

by Diao et al.(2012) both columns experience flexuigbverned failure. These smaltale

columns did not fail by global buckling, local buckling, or axial crushing but rather by bending.

—COL-0
1000 —COL-1
900 —0—¢c=130mm COL-1
—0—¢e=130 mm COL-0
800

700
~600
=500

400

300

200

100

P (kN

0 5 10 1% (kN.mgo 25 30 35

Figure5-2 Generatedonfinedinteraction diagrams of columns C@.and COL1 tested by Diao et al. (2012)
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5.3 Structural performance of an existing ageingRC bridge pier
5.3.1 Casestudy

An intermediate olumn bent of a twspan slab on a pigressed girder bridge, with a center

center span 080.81 m from the Virginia State Bridge Inventdiyevener 2003based orNutt et

al. (1988) was selected as the case study. A 3BDNLFEA was performed using software DIANA to
evaluate the structural performance of the critical RC pier of the bent subjected to the synergetic
effects of staged corrosion, ftadamage, and service load. As explained in the following section,
the progressive stagethmage model is simulated as level 1, level 2, and level 3. The pier design
was performed according to the requirements of Canadian Highway Bridge DesigrCSAde
S619) for a range of load over capacity ratio (LOCR) of 0.4<LOCR<0.6 under different
eccentricities (0<e <eg,=0.15h), where & is defined as the maximum allowable practical
eccentricity, and is the square crossectional width. The designed pier has a &sestion of

500x500 mm, with twenty 20M longitudinal rebars and 10M ties spaced at 50 Fignre5-3).

- 22.57m -~
23.46m -
- 1 -
— Crossing Road
T —!_ﬁ =—m——m e [ e o o, o e s ot S e e s s s o s S
| "
o ey L Lo £ oy £ e
500mm

20-20M

DA

40mm cover
ties10M @50mm

w
(93]
(9)]
3
500mm

Traffic level

Figure5-3 Configurationof bridge bent and pier
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Table5-2 summarizes the general design output of the bridge considered in this case study. Two
load cases are studied: LC1 and LC2 corresponding to a pier under concentric and eccentric load

with an ecentricity ofep, respectively.

Table5-2 General information of the bridge in the case study

Bridge substructure geometry

Multi-column bent (#tolumns spacing at 3.1 m) wit

Intermediate pier. speared footings on bedrock

Pier cap size: 1.5 m by 0.8 m crossection
End abutment: Integral abutment
Bridge substructure material
Pier cap and pier iplace concrete strength: f. =35MPa
Concrete elastic modulus: E, = 3500aviPa®

Concrete cracking strength (norptnsity concrete): f, = 0-4\/E =2.3MPa®@

Yield strength, ultimate strength and strain of reBars ~ f, =420MPa,f, $25MPa.g, 6.14
MModel Code 2010, CEB 2013
2 CSA S6:19
©®)ICSAG30.18 Gr. 40

5.3.2 Proposed combined stagbased damage scenario

The proposed corrosion damage scenario assumes that the progressive dodoseh
deterioration effects are generated in three stages: stage 1, stage 2, an(Zsigigiar3 et al. 2022)
According to field investigation§Andersen 1997)and onsite observationsFHgure 54, a
(Whitmore 2022and b), the damage is assumed to be localized in the splashing zone (middle third)
of the pier(Zaghian et al. 202). Foundation footings in cold climates are required to be placed
below the depth of frost penetration, with a minimum of 1.2 m below ground level. Considering the
traffic level with respect to the foundation of the column, it was assumedpiash zone
corresponded to approximately the middle third of the coluRigu(e 54, c). Three different

stages of corrosion were defined: longitudinal rebar mass loss of 5% and tie mass loss of 10%
(Stage 1), longitudinal rebar mass loss of 20% and tssmoss of 40% (Stage 2), and

longitudinal rebar mass loss of 30% and tie mass loss of 60% (Stage 3). In the proposed model,
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it was assumed that the corrosioduced mass loss associated with the ties is twice the one
associated with the longitudinal @isdue to two possible reasons: (i) the tie diameter is smaller
compared with the longitudinal reinforcement, and (ii) the ties are closer to the ambient environment
which leads to faster penetration of aggressive agents such as chloridesn@Qvater.The
deteriorated properties of corroded rebars, bglipdresponse, and reduced compressive strength of

the cover and core concrete were estimated according to the adopted corrosion damadebtedel (

5-1). It was assumed that there is a strong possibility of corroded tie rupture at stage 3, according to
an analytical approach proposed by the autfiwaghian et al. 2022A summary of assumptions

made in the different stages of corrosion in the proposed model is preseiitgolaé®-3. The

combined corrosioffirost damage analysis in the present study is simulated by incorporating the
corrosioninduced deterioration effects for the reinforcement and {stipdresponse andTEs

induced deterioration effects for the cover and core concrete. This study proposes different frost
damage scenarios based on the number of FTCs occurring during the last 60 years in Montreal,
Canada. The maximum cumulative number of FTCs was estinbgteahalyzing the historical
hourly ambient air temperature obtained from
(ECCC) climate datd A Envi r onment and CIl i prartsiderinG bxaasugee Can
duration and different ranges of minimum and maximum temperatures for each cycle. The analysis
was performed from climatic data ranging from 1953 to201 According to Fa
assuming a high corrosion level, a corrosion current densitypaof/cm? (Francois 2021)eadsto

stage 1 of corrosiemduced damage aftéenyears of service (longitudinal mass loss of 5%, tie

mass loss of 10%, and subsequent deterioration effectiseadoncrete and bonslip response

(Zaghian et al. 2022)leads to stage 2 after 40 years (longitudinal mass loss of 20%, tie mass loss

of 40%, and subsequent deterioration effects on concrete aneslipmdspons€Zaghian et al.

2022), and leads to stage 3 after 60 years (longitudinal mass loss of 30%, tie mass loss of 60%, and
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subsequenteterioration effects on concrete and bashig responsgZaghian et al. 2022)in
Montreal. A cycle of18°C to 4°C(C666/G66M-15 2015)over the last 10, 40, and 60 years in
Montreal was observed to lead to 22, 113, and 165 FTCs, respediiplyeG-5). Three different

frost damage scenarios were defined in the proposed model: (iinftased damage in the cover

is detected aftetenyears, (2the presence of invisible core damage due to the high frequency of
FTCs over 40 years, and (3) extensive damaghe cover, beyond repair, that leads to frost damage
penetration towards the concrete core after 60 years. In the present study, three combined corrosion
frost damage levels are assumed: level 1, level 2, and level 3. At level 1, it is assumédhbhat al
reinforcement, core concrete, and the bsliglresponse in the splashing zone are affected by stage
1-corrosion, and the cover concrete is degraded under 22 FTCs after 10 years. At level 2, the steel
rebars and the borslip response are affected Isyage 2corrosion, cover concrete and the
corrosioninduced damaged core concrete are assumed to degrade under 113 FTCs after 40 years.
Level 3, the worstase scenario, corresponds to extensive corrosion of rebars (stage 3), spalling of
the cover concret and frosinduced damage penetration towards the core concrete (splashing
zone).In the proposed combined damage scenario, it is assumed that only the saturation level of the
splash zone (middle third of pier) exceeds the crisediirationevel whichcauses frost induced
deteriorationThe details of each level of the proposed combined damage scenario are presented in

Table5-4.
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Table5-3 Summary of assumptions made in different corrosion stages

Stage Assumptions

Longitudinal rebar mass loss of 5%
Tie mass loss of 10%

Stage 1 Material properties degradation (Talbld)

Initial in-place compressive strength in the confinement mode
Longitudinal rebar mass loss of 20%

Tie mass loss of 40%

Material properties degradation (Tabld)

Loss of fullyrigid connection between the ties and two mid

longitudinal rebars
Initial in-place compressive strength in the confinement mode

Stage 2

Longitudinal rebar mass loss of 30%

Tie mass loss of 60%

Material properties (Tablg-1)

Loss of fully-rigid connection between all the ties and longitudi
rebars

Rupture of three adjacent ties at the middle height of the
column

Variable inplace compressive strength (a,b,c,d,e)

Stage 3

o Bo ToToToTo  Po  ToToToTole  To Do e

Splashing zone

(a) TorontoGardiner Expressway (b) Underpass in Bells Corners, Ottav (c)

Figure5-4 (a) and (b) Corroded bridge piers {site observations by the Authors), (c) Bridge pier configuration (case
study),dimensions are in mm
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Figure5-5 Cumulative number of FTCs (cycles df8°C to 4°C) during 6§ear service (1952013) of a bridge in

Montreal

Table5-4 Summary of assumptions made in different levels of combined corrbsisindamage scenarios in the

present study

Level 1
(after 10 years)

Longitudinal rebar mass loss of 5%

Tie mass loss of 10%

Corrosioninduced boneklip response degradation
Concrete core degradation induced by corrosion only
Concrete cover degradation under 22 FTCs

Level 2
(after 40 years)

E R I N |

=a =4

Longitudinal rebar mass loss of 20%

Tie mass loss of 40%

Corrosioninduced boneklip response degradation

Loss offully-rigid connection between the ties and two middle longitudinal rebars at
side of the pier within the corroded zone

Concrete cover degradation under 113 FTCs

Corrosioninduced damaged core concrete degradation under 113 FTCs (by substitut
in-place compressive strength of concrete used in the confinement model (ceimdsiced
damaged model) with the fredamaged concrete compressive strength)

Level 3
(after 60 years)

= =4 -4 A

=a =4 =4

Longitudinal rebar mass loss of 30%

Tie mass loss of 60%

Corrosioninduced boneslip response degradation

Loss of fully-rigid connection between all the ties and longitudinal rebars at each side
column within the corroded zone

Rupture of three adjacent ties at the middle height of the RC column

Spalling d the cover concrete

Corrosioninduced damaged core concrete degradation under 165 FTCs (by substitut
in-place compressive strength of concrete used in the confinement model (ceimdsiced
damaged model) with the fredamaged concrete compregsstrength)
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5.3.3 Finite dementmodel, results, anddiscussion

The finite element model defines three zones in the pigufe5-6, a): zone 1 as undamaged and
zones 2 and 3 as damaged (splashing zone <corr
(Zaghian et al. 2022)In zone 3, corrosieinduced tie rupture and loss of three adjacent ties,
corresponding to stage 3 corrosion damage, are possible according to the proposed analytical
appro&h (Zaghian et al. 2022 Concrete is modelled using twesntgde isoparametric solid brick
elements and 15 nodes wedge elemé@slX60" and "CTP45", respectively. Following a mesh
sensitivity analysis, a mesh with 50x50 mm elements is used in the 3DNLFEA. The reinforcement

is modelled using twomode onadimensional "bonelip" reinforcement. The top surface of the pier

is assumedb be restrained in the bent directigrakis) and unrestrained in the traffic directian (

axis). The pier base is assumed to be fully restrained to simulate the full rigidity condition of the
foundation. Concentric and eccentric loads are applied as-sfaic uniform and neaniform
stress on the pier OFgura56, ). A aach level ef combired ¢amage, i v e |
deteriorating effects are simulated according &ble 54, considering the froshduced damage

level (Eq.5.1) and orrosion stage. At level 1, the cressction of longitudinal rebars and the ties

is reduced by 5% and 10% due to stagmtrosion, respectively. The corrosioduced boneklip

response degradation is estimated according to the niBtehfors et al. 2018)Table 5-1).

Concrete mechanical performance indexes are reduced according 82E%S. At level 1, frost

damage is assumed to deteriorate the cover concrete only. The core concrete is assumed to be intact
and is degraded only due to corrosion. The mechanical properties aadeatbgt levels 2 and 3
according to the assumptionsTable 54. At level 2, it is assumed that there is nasible frost

induced damage in the core. The core findticed damage is incorporated into the simulation by
degrading the confinement effecisa corrosioAnduced damaged core concrete due to 113 FTCs

(degrading the confinement model $gatcioglu and Razvi 1992At level 3, the cover concrete is

184



assumed to be spalled. The reinforcement properties andshprmésponse are degraded due to
stage 3corrosion. The confinement effects of the damaged core concrete (due to-ctaugesi®n)
are degraded due to 165 FTCs (by degrading the confinememl fmp&aatcioglu and Razvi

(1992)

The axial loaebxial displacement responses of the RC pier subjected to combined damage level 1,
level 2, and level 3 under concentric and eccentric loads with an eccentrigity0df5h=75mm

are shown irFigures 57 and 58, respectively. In the graphs, LC1 and LC2 refer to concentric load

and eccentric load witlan eccentricity of 75 mm, respectively. Cases LO, L1, L2, and L3
respectively correspond to no damage, level 1, level 2, lemel 3 of combined damage
(combination of corrosion and frost damage as expressed in5Fdhlé staged drop in the ultimate
capacity, axial displacement, and rigidity is attributed to the progressive deterioration effects
assumed in each damage lewelFigure 57, a sudden increase of axial displacement in going from

LO to L1 can be attributed to the difference between the failure localization. By increasing the
damage level to L1, the failure is localized on the splashing zone of the RC pierjnthite
undamaged pier under the concentric load, failure is observed to start from the top due to localized
damageFigure 512) . In LC1, the pierds ultimate capaci
10, 40, and 60 years, respectivdiygure 57). Theultimate capacity of the pier subjected to LC2

and level 1, level 2, and level 3 of combined damage is reduced by 5%, 14%, and 40%, respectively
(Figure 58). By comparingrigure 57 andFigure 58, it is observed that the ultimate capacity of

the pier sbjected to all the damage levels decreases by increasing the eccentricity, while the
deformability slightly increases. Figuge9 shows the pier's applied moment versus the maximum

| ateral deformation (pierds top deformation ir
A significant reduction in the ultimate moment capacity and deformability is observed by ingreasin

the damage level. A sudden drop in ultimate capacity and deformation from L2 to L3 is attributed
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to cover spalling, penetration of frost damage towards the core, loss of partial confinement effects,

tie rupture, and loss of full rigidity between the neband tiesKigures 57, 5-8, 5-9). Figure5-10

shows the pier height versus the pierodos top |
2, and level 3 and for load case 2 (eccentric load). As seen in the figure, the deformability of the
column is considerably reduced as damage accumulates. Figlile shows the generated
interaction diagrams of the undamaged and damaged RC pier after 10, 40, and 60 years (level 1,

level 2, and level 3). TheN, andM, are defined as the RC pier's nominal axial and moment

resistances, respectively. The coloured dotted horizontal lines show 0.75 of the nominal pure axial
capacity of the pier at each level of combined dam&$A(S6:19. The interaction diagram is
obseved to contract by increasing the damage level. It is also observed that the LOCR for a specific
applied load increases significantly when the damage level is increased. Note that the area bounded

by lines 1 and 2 (minimum allowable eccentricityegf, =15 40.03h 30 mn and e, = 75mm (

CSA S6:19) represents load eccentricity conditions allowed by the code.

The failure patterns of the undamaged and damaged pier at levels 2 and 3 subjected to load cases
LC1 and LC2 are shown figures 512 to 515. Under concentric load and at level 2 of combined
damage, the minimum principal stress of the cover concretbserved to almost reach the
compressive strength of fredamaged concrete, indicating the concrete cover onset of crushing.
The core concrete does not show crushing at ultimate cap&aiyr¢ 513, a). Comparing the

rebars' Cauchy stress with the coeddebars' stressrain response at zonéZaghian et al. 2022)

shows that the longitudinal rebars reach yieldiBgre 513, b). After 60 years, the minimum
principal stress of the core concrete in zones 2 and 3 is observed to exceed the threshold, suggesting
core crushingKigure 513 c). By comparing the rebars Cauchy stress with the corroded rebars
stressstrain responsetaones 2 and 8aghian et al. 20223t level 3, the longitudinal rebars at

zone 2 are observed to reach the yielding poitdviadd by inelastic buckling of the rebars at zone
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3 (Figure 513, d). This can be explained by cover concrete spalling, crusioregconcrete, tie
rupture, and confinement lads the case of the pier subjected to load case 2, the pier subjected to
the gnergetic effects of stagecrrosion and 113 FTCs after 40 years of service is observed to
experience tensile side cracking starting from the beggie 514, a), yielding of compressive
rebars at zone Figure 514, b) and the onset of crushing ofveo concrete in the compressive side

of zone 2 Figure 514, c) at ultimate capacity. At level 3, crushing of compressive core concrete in
zones 2 and Fgure 515, a) and yielding of corroded compressive rebars in zone 2 followed by
inelastic buckling bcorroded compressive rebars in zon&igre 515, b) are observed to govern

the failure of the pier subjected to load case LC2 with an eccentricity of 75 mm.

The structural performance of the RC pier subjected to frost damage only (after 60 yeE8S and
FTCs according t&igure 55) and concentric load (LC1) is also evaluated to study the differences
between the two deterioration cases (frost damage only and combined effects of corrosion and frost
damage). To this aim, the frost damage after 60 ygaimulated without incorporating corrosion
induced damage. The reinforcement in the splashing zone is assumed to be intact, and the
deteriorating effects of FTCs on the cover and core concrete, accordigbte 54, are
incorporated into thenodel. The frost damage stage after 60 years is defined as F3. The failure
modes, ultimate capacity, ductility, and stiffness of the RC pier subjected to level 3 of combined
damage are then compared to those with frost damage only (F3). A significamndiédetween

the ultimate capacity, deformability, and rigidity of theyéar old pier subjected to LC1, L3 and
LC1,F3 suggests the intensifying effects of corrosion when combined with the deteriorating effects
of frost damageKigure 516). ComparingFigure 513 (c) and (d) withFigure 517 (a) and (b)
indicates a quite different failure pattern for they@ar old pier; the pier under LC1,lK3observed

to experience zonedover concrete crushing (close to zone 2) at the failure point, and the rebars i
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zones 2 and 3 are observed to reach almost 75% of the proportional limit without yielding or

buckling.
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Figure 5-6 (a) Configuration of bridge pier and traffic level, (b) 3DNLR&bdel, boundary conditions, meshing,
concentric and eccentric loading
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Figure 5-12 Failure patterns of control pi€L.C1): (a) minimum principal stress distribution at ultimate capacity of
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Cauchy total stress distribution in thelizection at ultimate cajpéy of undamaged pier

191



53 Sz
[memgl [Nlrswz‘Zmzl ENfsrgm2) (N/mm?2)
23.10 067 433 026
I -27.04 I -47.06 I 449 I 4283

-30.98 94,79 -13.32 -85692

-34.92 14251 -22.15 -129.01
-38.85 -190.24 -3097 -172.09
-42.79 23797 -39.80 215,18
-46.73 285,70 -48.62 25827
5067 -333.43 5745 -301.35
-54.60 -381.16 66.28 -344.44

() (b) (©) (d)

Figure5-13 Failure patterns of 40and 60year old pier under the combination of corrosion and FTC and LC1: (a)
minimum principal stresdistribution at ultimate capacity of damaged pier (L2), (b) reinforcement Cauchy total stress
distribution in the airection at ultimate capacity of damaged pier (L2), (c) minimum principal stress distribution at
ultimate capacity of damaged pier (L3)) (dinforcement Cauchy total stress distribution in titirection at ultimate
capacity of damaged pier (L3)
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Figure5-14 Failure patterns of 4@ear old pier under the combination of corrosion and FTC (L2) and LC2: (a) crack
pattern on the tensile side, (b) reinforcement Cauchy total stress distribution wditketion at ultimate capacityf o
damaged pier, (c) minimum principal stress distribution at ultimate capacity of damaged pier
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Figure5-16 A comparison between the axial leagial displacement response of the pier under the combined effects
of corrosion and FTCs (LC1,L3) and FTCs only (LC1,F3)
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Figure5-17 Failure patterns ahe60-yearold pier under the effects of FTC only (F3) andiL&) minimum principal
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5.4 Summary and conclusions

In the present study, a 3MLFEA was conducted to evaluate the structural performance of real

scale ageing RC bridge piers subjected to ediffit patterns of combined damage and
concentric/eccentric loading up to failure over their service life. The synergetic effects of corrosion

and frost damage induced by FTCs on the RC pier's structural performance after 10, 40, and 60
years of servicewer eval uated to characterize the pierd
of the conducted 3MLFEA was verified by simulating previously tested corroded columns and
frost-damage beams reported in the literature. A-seale bridge pier was then silated as a case

study, and the structural performance of the pier at various levels of combined damage (corrosion

and frost damage) and concentric/eccentric loading was studied. Three combined damage levels
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were defined: level 1, which occurs after teangeof service and is a combination of a low corrosion
stage (stage 1) and 22 FTCs; level 2, which occurs after 40 years of service and is a combination of
stage 2corrosion and 113 FTCs; and level 3, which occurs after 60 years and is a combination of
the most severe corrosion stage (stage 3) and 165 Hlii@scombined damage at each level is
defined as corrosiemduced degradation in steel rebars and kslipdresponse, and frestduced
damage in the concrete. It is worth noting that the deterioraiassumed to be localized in the
splashing zone of the pier (middle third). At level 3, the cover concrete in the splashing zone is
assumed to spall thoroughly. The pier's ultimate axial capacity, moment capacity, rigidity, and
deformability are observed tlegrade as the damage level propagates over the years. After 60 years,
the ultimate capacity of the pier subjected to level 3 of combined damage and concentric/eccentric
load is observed to reduce by almost 40%. Based on these results, it is cruerédro periodic
inspections within the first 40 years of service, considering the design LOZR_ OCR<0.6). It

is also observed that the LOCR for a specifically applied load increases significantly by increasing
the damage level. The pier's failure shaveore brittle pattern by going from a lower level of
damage to a higher one. At level 2, the pier failure is governed by the compressive rebars yielding
in zone 2 and the onset of zoned@npressive cover concrete crushing. At level 3, cover concrete
spdling, tie rupture, and confinement loss lead to a more brittle failure pattern: compressive core
concrete crushing, yielding of compressive rebars in zone 2, followed by comptesgitedinal
reinforcing barsnelastic buckling in zone 3. The structural performance of the pier damaged by
only 165 FTCs (no corrosion) was also studied. A more pronounced decrease in the ultimate
capacity, deformability, and rigidity is noted for the pier subjected to combineadgdacompared

to that subjected to frost damage only, suggesting the intensifying effects of cemaosioaed

damage in the rebars and concrete confinement.
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The proposed performant@ased quantitative approach shows the importance of periodic
inspection(every two yeardh the first ten years of the bridge service life. A more refined inspection
and rehabilitation planning is highly recommended in a more severe damage level during the first
40 years of service to prevent significant performance degoadatid extensive damage beyond

repair.
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Chapter 6: Concluding Remarks

6.1 Introduction

This chapter presentscamprehensive summary of all chaptéiise effectiveness artdendof the
proposed methodology are evaluateddmnerating the interaction diagrams of the RC pier at
different levels of damage during its service life based on the prieE&nand nonlineasectional

analysis Possible future work ifinally presented.

6.2 Conclusions
This section presents a summary of the conclusio@hapters3 through 5. Detailedonclusions

are presented at the end of each chapter. The summieash chapteare as follows:

A Chapter 3 presents the proposedNLCFEA to evaluate the structural performanceaof
corroded RC bridge pier subjected to concentric loading. This chapter proposes a comprehensive
stagebased corrosion damage model whickecamts for all the corrosiemduced deterioration
effects during the bridgeds s e r eoncrete stiemgth e . T
degradation within the cover zone and confined concrete, steel area reduction due to uniform
corrosion (longitdinal and stirrups), pithduced ductility degradation of the steel, buckling of
compressive steel bars due to steel esgssion reduction and confinement degradation, and-bond

slip responselegradationA stagebased damage scenario, assuming the daloagkzed at the

middle third of the pier, is proposed as (1) stage 1, at which thiergisudinal rebar mass loss of

5% and tie mass loss of 10¢2) stage 2, at which therelangitudinal rebar mass los§ 20% and

tie mass loss of 40%, and (3) st&g at which there i®ngitudinal rebar mass loss of 30% and tie
mass loss of 60%/arious assumptions were made for each stage. At the stages withlbigter
corrosion, in addition to the deteriorating effects on the material properties, it was assamed

corrosion would result in the loss of a fuligid connection between the ties and longitudinal rebars
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and would enable rotation at the connection locations. According to the proposed analytical
approach, it was also suggested that at higher le¥etsrosion, there would be a possibility of one

or more tie ruptures in the corroded zoridse proposeperformancebased quantitativapproach
shows that increasing the corrosion level changes the pier failure mode to a more brittle pattern. At
failure, the damage is observed to be more localized in the corroded regions, speaifitdadly
regions where the ties ruptured. The failure mode of the severely damaged pier is observed to be
governed by the yielding of the corroded rebars and core conarsteng, followed by the inelastic
buckling of thelongitudinal reinforcing bar¢ocated in the middle zone with ruptured tig$ie

results show the importance of periodic inspection and monitoring of the properties' deterioration
during the bridge servickfe to prevent severe damagerovide additional safety, and reduce
rehabilitation costs.

A Chapter 4presents the proposdihite element modelling of bridge piers subjected to
eccentric load combined with reinforcement corrosibine same tlee damagetages definedn
Chapter 3 were adopted here, vagsumptions similar to those©hapter3. The damaged pier was
subjected to eccentric loading with eccentricities of 30 mm and 75 wimch respectively
correspond tehe allowablaninimum andallowable practical eccentria@sby the bridge codéhe
corroded pier (at all stages of damage) subjected to smaller eccentrsoitieserved to follow a
compressiorcontrolled failure mechanism by concrete core crushing, compressive corroded rebar
yielding and posyield buckling at the middle height of the pier (corroded zone). The present model
can also capture the tensioontrolled failure mechanism the RC pier with larger eccentricities.

The model shows a significant decrease in capacitynes$, and deformability dhe pier by
increasing the damage lev@lhe proposed quantitative approach he#gtimate the capacity
reduction, whichwith the possibility of an increase in traffic intensity, leads to an increase in the

load-over capacityatio. By comparing the results of Chag@rand 4, it is observed thaig present
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model is capable dfuccessfullycapturingavariety of failure patters) i.e., compressiorcontrolled
failure ofthe pier underconcentr¢ load and smallezccentricites andensioncontrolled failureof
pier subjected to larger eccentricities.

A Chapter Jpresents thaonlinear finite element modelling of bridge piers under the combined
effect of corrosion, freezthaw cycles, and service ladkhe structurgperformance chnRCbridge
pierlocated in Montréal, Canad@, evaluated after 10, 40, and 60 years of senlfibe.proposed
evaluation approach assumed that the deteriorati@isaedocalized in the middle third or the pier.
Three combined deteriorah damage levels were definedt. level 1, it is assumed that the rebars
are deteriorated due to stage 1 corrosion (as descriligthipters 3 and), andthe cover concrete
is affectedby 22 FTCsLevel 2 corresponds to a combination of stageosionof the rebars and
113 FTCs. At level 3, it is assumed that the cover concrete #paitgighly rebars are affected by
stage 3corrosion, and the core is deteriorated by a combination of stegedsion and 165 FTCs.
In addition, theRC pieronly subjected to 165 FT&; without corrosionyasalsostudied. The results
show a more pronounced structural performance degradation in the daspief subjected tthe
combined effect compared to the one subjected to BRYsA significant decrease the ultimate
capacity, rigidity, and deformability of the pier st®tlve importance of periodic investigation and
inspection in the first ten yeais monitor deterioration proceasdof rehabilitation planning in the

first 40 years of bridge servicedito prevenpier collapse

6.3 Evaluation of damaged RC bridge piers

The present studhas proposed modelling frameworkto investigatethe potential impact of
different damage scenari@hie to reinforcement corrosicend frost damagen the structural
periormance of ageing R®@ridge piers during their service life. The capabilities of suclan
evaluation framework are illustrated by applyibhdgo the assessment of an RC pier as part of a

multi-column bent of an ageing bridge
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As stated in Chapter 1, tl@ntarioStructure Inspection ManuéDSIM) proposes regular detailed
visual inspections of bridges to ensure publ i c
life, and to set out a structure management system for maintenance and rehal{itatasio

Ministry of Transportation2008f he OSI M adopts a new fAiseverity
to estimate bridge rehabdiion requirements and cos#ésthorough qualitativelata is collectednd

recordedas the elements condition staent As a general rulethis philosophy assessethe

structural element conditioaccording to the defect severif@ntario Ministry of Transportation

2008)

A Excelent: It refers to an element which is in new condition without any visible defects

A Good: It refersto am | e ment wi t h lightvi tdiedlecsisgnsNoofspieci f
recommended in this case.

A Fair: It refers to an element withefirst s i gnediunto fd &if ect s. A epancevent a
remedy is recommended in this case.

A Poorltreferstoare | ement with fisevereod and fAvery seve
spalling and del ami natpomon sc canrdei tuisounma,| |wh iccaht etgre

rehabilitation and replacement.

Although theseaguiding principlesprovide a reason#b qualitative assessment appraaitiere is
still lack of a quantitativenumerical, experimental, and/or field studiesestimatethe residual
capacity of the aging pierssubjected t@orrosion FTCs or combined effectthat carbe compared
with the proposed methodology as an evaluation approachalittateand evaluatéhe trendand
reliability of the proposed modellingpproach the column loadmomentinteraction diagrams of
the pier at different damage levét®rrosion and @mbined damageyere generated based looth
the 3DNLFEA resultspresented in Chapters53and nonlinear sectional analy$iLSA). In the

NLSA method, he confined capacity of the pier under pure concentric(Nads estimated as:
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Nu = A cover fc ( Ag _A:) -a:oref‘cc( AC() A-sf 6.1

in which a_ . and a_. arethe stress block parameters of cover and core concrete, respectively;

cover core

f. and f_ are the compressive strengthtloé undamageaover and core concrete, respectively;
A, A, A, and A are the gross crosection otheundamagegier, grossarea of theindamaged
core, net area of the core, amidamagedebar crossection, respectivelyf, is theuncorroded

rebar yield strength.

In the present NLSA, the flexural strength b&tRC pier is evaluated assumitgmat er i al 0 s
nonlinear constitutive lawgerfect bond between reinforcing steel and concretgligible tensile

strengh in concrete, anglanesectiors remaining plane after bendingigure 61 illustratesthe
bending momenM and axial loadN i n bal ance with the internal
crosssection.The flexural capacity of the pier is estimafezm Eqgs 6.2 and 6.3lt is worth noting

that the moment capacity of the pier is calculated about théemghtof the cross sectioihe core

concrete properties are calculated accorttngaatcioglu and &vi (1992)

Figure6-1 Confined section ofhe pierand correspondingtress/strain distributioandinternal forces

N :CEnd -'CCore GSSide é.-l_cis a Tjs 6.2

i=1 j m
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