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REsuME

La durabilité des ponts en béton armé placés dansnvironnement non-agressif est
particulierement satisfaisante. Toutefois, dansagees conditions environnementales, leur
durée de vie peut étre significativement réduitgsdtinfluence de facteurs externes. Si I'on
se refere aujourd’hui aux codes de dimensionnemestants, les méthodes de controle des
durées de vie se concentrent sur les effets pparéfment des principaux processus de
dégradation (la corrosion, l'augmentation des ob@awents,...etc.). Il apparait toutefois
essentiel d’étudier le couplage des effets de d&Srehts processus car leurs interactions
peuvent conduire a la rapide perte d’intégrité stesctures. A partir d’un certain niveau de
dégradation le renforcement devient nécessaire dditompenser les pertes de résistances
et/ou de supporter des chargements complémentdieesollage extérieur de polymeéres
renforcés de fibres (PRF) constitue une solutiahrielogique de plus en plus privilégiée
pour la réhabilitation des structures béton exis®nEn vue de continuer a promouvoir
I'utilisation de ces matériaux, une analyse dedhilité fonction du temps prenant en compte
les incertitudes inhérentes aux (1) propriétésrdagriaux constitutifs, (2) modéles et leurs
parametres, (3) facteurs environnementaux et @gements induits par le trafic, est requise.

La contribution du présent travail de recherchedesproposer une analyse de la fiabilité
en fonction du temps des poutres en béton arméaepa I'aide de matériaux composites a
base de PRF. Deux facteurs de dégradation serpnsidévés principalement : la corrosion des
aciers d’armature et 'augmentation de la chargexmloitation au cours du temps. Les
modeles permettant de décrire les variations deprigtés des matériaux constitutifs, des
dimensions et des chargements appliqués sur latateusont extraits de la littérature.
Plusieurs techniques d’analyse fiabiliste sont cam@gs ; la méthode d’approximation de
fiabilité de premier ordre (ou First Order RelidlgilMethod, FORM sous sons acronyme
anglais), la simulation Monte Carlo et une méthddeeloppée dans le cadre la thése : une
simulation type Monte Carlo exploitant les RésedaxXNeurones Artificiels. En paralléle, un
bilan des travaux de recherche existants sur lasposites a base de PRF collés
extérieurement a conduit a l'identification destgtiamites, des modes de défaillance et les
formules analytiques de dimensionnement correspuadaqui devront étre intégrés dans
'analyse de la fiabilité dans le temps.

Trois principaux objectifs sont considérés danspiésente étude. Le premier est de
proposer des modeles probabilistes dépendant dpst@aur les aciers d’armature (lois de
distribution des sections) et des chargements t@apon. Le second objectif exprimé est de




Résumé

conduire une analyse en termes de probabilité tlldéce ou d’indice de fiabilité variant
dans le temps. L’analyse fiabiliste est fondéeaunéthode de dimensionnement des facteurs
de charges et résistances (ou Load and Resistauter Design — LRFD en anglais) qui
fournit un cadre idéal pour de telles analyses.rhedes de défaillance des poutres en béton
armeé reparées par composites a base de PRF, retensida littérature, seront simulés en
termes probabilistes par le biais de la méthodé&atdité de premier ordre (on parlera de
« probabilisation » de modéle) ; on parle ici desdes de défaillance par écrasement du
béton, du décollement des composites, de leur meptule troisieme objectif de la recherche
a été de développer, afin de vérifier les résultatta méthode de fiabilité de premier ordre en
termes de temps calculés de réparation, une siowlate type Monte Carlo basée sur
I'exploitation de Réseaux de Neurones et couplée v méthode des éléments finis (I'outil
MOC-RENA-MEF). L’approche batie sur la base deadil permet au final de conduire des
analyses fiabilistes et structurales plus pertemue celles réalisées en s’appuyant sur la
méthode de fiabilité de premier ordre et les foesulanalytigues simplifiées de
dimensionnement.

Les résultats des simulations révélent que le eggpte la corrosion et de 'augmentation
des chargements d’exploitation dans le temps afféctonsidérablement la fiabilité des
poutres en béton armé, conduisant ainsi a une tiédumportante de la durée de vie visée.
En outre, les résultats montrent que l'efficaciédal réparation par composites a base de PRF
sur le profil de fiabilité dans le temps des pasitea béton armé dépend, a I'état limite ultime,
du mode de défaillance atteint : écrasement dunb&todécollement du PRF...On peut aussi
conclure que le niveau de dégradation avant rédparataffecte pas I'augmentation de la
fiabilité induite par le renforcement a l'aide d®m Enfin, contrairement a I'état limite
ultime, I'état limite de service en déplacementadtcté de maniere significative, en termes
de fiabilité, par la croissance des chargementdggaesoit la dégradation induite par la
corrosion.

Les résultats de ce travail permettent d’identifilers clairement les nombreuses variables
influencant la fiabilité des éléments de structuresforcés et d'affirmer le besoin de
recherches complémentaires en vue de saisir pléisisment ces influences. Les deux
variables significatives sur ce point sont : I'éti la structure existante au moment de la
réparation et la complexité des chargements apidigur la structure.

Mots-clefs: pénétration des ions chlorures, corrosion, poutétsn armé renforcées par PRF,
fiabilité, réseaux de neurones, méthode des élé&nfiarg.




ABSTRACT

Durability of reinforced concrete bridges placed non-aggressive environments is
notably satisfactory. However, under certain envimental conditions, there are external
factors that significantly reduce their lifetimeefRrring to existing design codes, lifetime
assessment of deteriorating structures nowadaysséscon the isolated effects of the main
deterioration processes (corrosion, growth of loaetc). However, it is paramount to study
the coupled effects of various deterioration preessecause such interactions could reduce
structural integrity. At a certain level of deteaton, strengthening is an essential tool to
compensate strength losses and/or to support addalitiioads. Externally bonded fiber
reinforced polymer (FRP) composites are an incngigiadopted technology for the renewal
of existing concrete structures. In order to enagarthe further use of these materials, a time-
dependent reliability analysis that considers theettainty inherent in (1) material properties,
(2) models and their parameters, (3) environmdatabrs and (4) traffic loading, is needed.

The scope of the present study is to propose adependent reliability analysis of FRP
strengthened RC beams. Two deterioration factorse wnsidered: corrosion of steel
reinforcement and growth of live load over time. déts to describe variations in the
constitutive materials properties, dimensions dred dtructural loadings are drawn from the
literature. Techniques for reliability analysis am@empared; First Order Reliability Method
FORM, Monte-Carlo MC simulation and, a method depell within the present research
work: Monte-Carlo simulation based on Neural Ne&bIC-NN. In parallel, existing works
of externally bonded FRP are surveyed. This leaddéntify the limit states, failure modes
and their corresponding analytical design formutasintegrate in the time-dependent
reliability analysis.

Three main objectives were considered in the ptestedy. First one is to propose time-
dependent probabilistic models of steel reinforcatmaand live load. Second objective is to
perform probabilistic analysis in term of time degent failure probability or reliability
index. The reliability analysis is based on thed.@ead Resistance Factor Design (LRFD) that
provides an ideal framework for reliability consigigon. Failure modes of FRP strengthened
RC beam included in the survey were probabilisicsimulated (e.g. concrete crushing, FRP
debonding, FRP rupture ...etc) using FORM method.s&hiailure modes are based on
analytical expressions and simplified formulas regmb in previous studies. The third
objective is to develop a Monte-Carlo simulatiorsdh on Neural Networks and Finite
Element Method MC-NN-FEM which aims at verifyingethiesults of reliability analysis

Xi



Abstract

using FORM method in terms of calculated time tergjthening. Simulation results show
that MC-NN-FEM method provides eventually more aatel reliability and structural
analyses than that obtained using FORM and sirepldinalytical design formulas.

Simulations results reveal that the combined effe€tcorrosion and growth of live loads
over time strongly influence the reliability of Re@am, leading to large reduction in expected
lifetime. Furthermore, the effectiveness of FRRrmsgthening on the reliability profile of RC
beam depends on failure mode included in considatiahate limit state ULS: concrete
crushing or FRP debonding...etc. It is also commtuthat the level of deterioration before
strengthening does not affect the increase in ¢hahbility due to strengthening. Unlike the
ULS, serviceability limit state — deflection — igysificantly affected, in terms of reliability,
by the growth of live load regardless deterioratiom to corrosion.

The results of this work bring to light the manyrighles affecting the reliability of
strengthened members and the need for continusegareh to better describe these variables.
Two variables of particular significance, requiriegtensive further study, are the state of the
existing structure when strengthening is applied #re complexity of loads acting on the
structure.

Key-words chloride ingress, corrosion, FRP strengthened R@mis, reliability, neural
network, finite element analysis
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NOTATIONS

Latin letters

Ac Area of reinforcement in tension zone,

Agc Area of reinforcement in compression zone;

ac Aggregate-cement ratio

Ccomy Depth of compression zone in concrete section;

c Thickness of concrete cover;

B Shear span of the beam.

be Width of concrete beam;

bere Width of FRP plate;

(:no2 Oxygen concentration at the steel surface;

(302 Oxygen concentration on the concrete surface;

CoV Coefficient of variation of a variabl¢;

C. Chloride surface concentration;

Cin Critical threshold chloride concentration;

De(t) Chloride diffusion coefficient as function of time;

Dot ref Reference chloride diffusion coefficient ;

DH20 Diffusion coefficient in an infinite solution;

D Diameter of corroded bar;

Do Diameter of non-corroded bar;

Doz Oxygen diffusion coefficient;

Dnoz Oxygen diffusion coefficient at timtg.

drrre Distance between the top of the beam to the cehtie plate;

drrpv Effective depth of shear FRP;dsfor rectangular section,dsslab thickness
for T section);

ds Distance between the top of the beam to the ceftensile rebars;

dsc Distance between the top of the beam to the cehtmmpressive rebars;

Ea Modulus of adhesive layer;

Ec Elastic modulus of concrete;

Errr Elastic modulus of FRP composites;

Errp. Young’s modulus of the FRP used for shear sthtemng.

E. Elastic modulus of steel reinforcements;

F Faraday’'s constant

fet Tensile strength of the concrete;

ferP.L Strength of FRP composites;

fy Yield stress of the reinforcement;

fya Yield strength of the steel stirrups

fyk Characteristic yield stress of the reinforcement;

'c Compressive strength of the concrete;

f'ek Characteristic compressive strength of the congcrete

f'o Concrete compressive strength over concrete cube;
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Ga Shear modulus of the adhesive layer

ai(X) Limit statei function of a vector of random variabl€sn physicalx-space;

Hi(U) Limit statei of function of a vector of random variabldss standard normal
u-space ;

he Over all depth of the concrete section;

i corr Corrosion current;

My Ultimate moment capacity;

Mage Aging coefficient of chloride diffusion process;

Ne Homogenization coefficient of the flexural stegihforcement;

NERE Homogenization coefficient of the flexural FRP quosites;

NERP Homogenization coefficient of the shear FRP contpss

Noz Electric number of oxygen molecules participatinghemical reaction;

Nsy Homogenization coefficient of the shear steelfogzement;

lFRP.A Moment of inertia of the FRP plate used for stst@ngthening;

herp.y Total height of FRP strip used for shear strengtigg

frrP.Uy Ultimate strength of FRP composite used for se&gangthening;

frrP.L Ultimate strength of FRP composite used for flekstrengthening;

Ps Probability of failure;

R Resistance of the structural element;

R Coefficient of correlation;

RH Relative humidity;

RH. critical relative humidity =0.75;

SFRF Spacing between FRP strips for shear strengthgning

S Applied bending moment or shearing force due ta loasei; dead, Live,
impact ...etc;

S Spacing between steel stirrups;

t Time;

ta Thickness of adhesive layer;

T Temperature,

trrP. Thickness of the FRP flexural strip;

trrp Thickness of the FRP shear strips;

th Time at which Oxygen concentration at steel lewelcioser to Oxygen
concentration on concrete surface (assumed equa0tyears);

tini Time to corrosion initiation;

ts Time to severe cracking of concrete cover,

Uc Activation energy of diffusion process;

UO2 Activation energy of the coefficient of oxygenfdsgion;

\% Ultimate shear capacity;

Ve Contribution of concrete of the shearing force;

VERF FRP of concrete of the shearing force;

Ve Steel of concrete of the shearing force;

W, Amount of corrosion product;

Wer Critical mass of corrosion products;

W Surface crack width of concrete cover due to caorgs

wce Water-to-cement ratio;

WERF Width of the FRP strips for shear strengthening;

Xn Nominal value of a variabl¥;

yA Flexural lever arm of RC section;
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Greek letters

p
ﬂmin
Br

Vi

&
Ec,ma
Ecs
Eca

EFRF
EFRP,exist

EFRP,u

YFRF

Reliability index;

Minimum required reliability index;

Target reliability index;

Partial safety factor of an applied loads corresisdn a loading case i; dead,
Live, impact ...etc;

Concrete strain;

Maximum concrete strain;

Compressive steel strain;

Concrete strain at stress equals to concrete casipeestrength;

FRP plate strain;

Tensile strain in concrete at the interface betwamartrete and FRP material
due to dead loads only;

Ultimate strain of FRP composite used for sheangthening;

Strain in tensile steel;

Ultimate crushing concrete strain;

Yield strain of steel rebars;

Angle between the critical shear crack and thegitadinal axis of the beam;
Structural model error of the limit state

Bias ratio of a variabl;

Mean value of a variabD;

Poisson’s ratio of the concrete;

Density of aggregate;

Density of cement;

Density of corrosion product;

Density of steel;

Standard variation of a variabe

Normal standard function;

General safety factor of the structural resistance;

Specific FRP contribution partial safety factor;
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INTRODUCTION

ASPECTS GENERAUX

Les ouvrages en béton armé constituent une pamriamge des infrastructures mondiales.
Ces ouvrages moulés présentent une variété de goemnde finitions. Ills sont considérés
comme stables, durables et performants tout auderigur cycle de vie en service. Toutefois,
les ouvrages en béton armé ne présentent pas upodement satisfaisant dans le temps
lorsqu’ils sont placés dans des environnementssaifgeou extrémes (par exemple, c’est le
cas de structures en environnements marins ou soamin trafic intense). Dans de tels
environnements, les ouvrages BA peuvent étre sévgreendommageés et voir leur fiabilité
réduites au fur et a mesure de leur exploitation

L’'attaque des ions chlorures initiant la corrosides barres d’armature constitue un
probleme majeur pour les ouvrages du génie civil.effort de recherche considérable a été
consenti afin d’évaluer les effets de la corrogsiésultant de I'attaque des ions chlorure. Les
conclusions des études réalisées mettent en ée@denfait que la corrosion provoque une
dégradation des propriétés mécaniques dans la eneaules sections, contraintes élastiques
et déformations ultimes des bars d’armature sotitgs. [Cairnset al 2005; Almusallam
2001]. Ces pertes de propriétés des barres d’areyajui constituent I'impact principal de la
corrosion, contribuent au vieillissement prématdes structures en béton armé. Palsson et
Mizra en (2002) rapportent le cas au Canada d'umt plune quarantaine d’années ayant
perdu jusqu’'a 80% de ses sections d’armatures anemode sa démolition en 1999. Mais
'accumulation de produits de la corrosion a I'nfidee entre le béton et les barres en acier a
d'autres effets : la perte d’adhérence entre bétbnacier, I'apparition de fissures et
I'éclatement de I'enrobage de béton. [Lui and WeyE398; Liet al 2006]. La Figure 1.1 ci-
dessous illustre ces cas d’endommagement apréassimrr La défaillance de I'interface entre
barres d’acier corrodé et le béton a bien plus pliot vis-a-vis de I'état limite de service que
de I'état limite ultime. Des observations effecwigmr Stewart et Mullard en (2007) ont
permis de montrer que méme pour des cas de figmsaéveres des ponts en béton armé, la
perte de résistance enregistrée n’était que de 20 @aourcents. L'impact en termes de

sécurité est donc peu significatif.
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(a)

Figure 1.1 : Dégradation aprés corrosion des barres d’arma&resier (a) fissuration du
béton (b) éclatement du béton.

En termes de codts, une étude conduite par ledatice CC Technologies Laboratories
Inc en 2001 a permis de chiffrer 'impact éconoreigle la corrosion dans les secteurs de
l'industrie aux Etats-Unis. Il ressort de cettedétgue le colt direct total de la corrosion est
proche de 137,9 milliards de dollars par an, casick I'ensemble des domaines industriels
(infrastructure, équipements, transports, fabregti.) — cf Figure 1.2(a). Pour le seul
domaine des infrastructures, la part du co(t direhtit par les problemes de corrosion a été
estimée a 16,4% (soit 22,6 milliards de dollargax. La Figure 1.2(b) présente le détail de la

contribution de chaque secteur au domaine dessinfictures.

Production &
fabrication
12.8% Ponts

12.8US$

Gouvernement

Stockage
des Materiaux
dangereux

milliards/an

tubes d'eau

& Ports

0.3US$

milliards/an
1%

29.7US$
milliards/an

milliards/an
transports
21.5%

Gaz & Transmission de Liquid
Pipelines 31%

(a) Codts annuels induits par les problémes desiom dans  (b) Colts annuels induits par les problémes deosiam
les secteurs de lindustrie aux Etats-Unis ($13ilards) dans les secteurs de [' infrastructure ($22.6 and)

Figure 1.2: Codts annuels induits par les problémes de comaaia Etats-Unis [CC
Technologies Laboratories Inc 2001].

Cette étude donne également des informations igtasliées sur les 583000 ponts environ
gue comptent les Etats-Unis. Parmi eux, 200000 esortcier, 235000 en béton armé, 108000
en béton précontraint et 40000 autres n’entrentdaas ces catégories. Il ressort de I'étude
que 15% de ces ponts doivent étre considérés catroeurellement défaillants du fait de la
corrosion des éléments de structure et des balaesatures. Le codlt direct induit par la
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corrosion est estimé a 8,3 milliards de dollarsgcadans le détail 3,8 milliards pour le
remplacement sur 10 ans de ces ponts défaillantsillérds pour la maintenance et 0,5
milliards dédiés a la repeinte des ponts métalique

Un autre facteur de dégradation tres importantawss de la fiabilité des ponts est
'augmentation des charges d’exploitation dangieps. Stewart et Rosowsky (1998) affirme
gu'aux Etats-Unis que 45% des ponts considérésilldéta voient leur dégradation
structurelle induite par un trafic routier inappri@p(augmentation a la fois des charges par
essieu et des flux). Dans une autre étude consacrégonts de la région de Victoria en
Australie, Koay (2011) remarque que 70% d’entre @nixété construits avant 1975 et qu’ils
ont été dimensionnés pour supporter beaucoup migngharges que les ponts congus
actuellement. Ces ponts voient donc leurs capapiiés rapidement dégradées dans leurs
conditions de service. Une grande part de ces puodgssiterait un renforcement urgent
voire, dans l'idéal, d’étre remplacés afin de redre 'augmentation des chargements et des
trafics de véhicules.

Le contréle des ouvrages existants se fonde g@méealt sur trois étapes principales [Val
et al 2000]. La premiere étape consiste en l'inspectionsge et la compilation de données
statistiques. L’'inspection est le plus souvent pgognée avec une fréquence réglementée.
Elle permet d’identifier les changements intervedepuis la derniére inspection. Chen et
Duan (2003) rapportent que le National Bridge letipa Standard (NBIS) recommande de
ne pas dépasser deux ans entre chaque inspecésmm&sures complémentaires et des tests
peuvent étre requis. Dans le cas d’ouvrages emlstmé dans un environnement a forte
teneur en ions chlorures, aux premiers signes dgadation ; fissures, délaminage ou
éclatement de I'enrobage de béton, des essai®lartent ou non destructifs peuvent étre
conduits afin de déterminer I'état des performarmes matériaux (en général, carottage et
test ou utilisation du marteau de Schmidt afin tibesr in situ la résistance en compression
du béton), de contréler certaines dimensions (tEite@lectromagnétique afin de localiser et
mesurer les profondeurs d’enrobage des barresedjaet de détecter les défauts majeurs
(marteau de choc pour localiser les fissures oasvidternes, mesures de la résistivité pour
I'estimation du niveau de corrosion des armatui®sd et Stewart, 2009].

La seconde étape, intégrée au contrble des ouvragstants, consiste en l'analyse
structurale pour déterminer les performances géshaCette analyse peut étre conduite en
adoptant une approche déterministe basée sur lgparamon directe entre valeurs de
résistance et de sollicitation ou en privilégiamteuapproche probabiliste ou fiabiliste

exprimant la performance de l'ouvrage en termegmbabilité de rupture. La troisieme
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étape, enfin, consiste en la prise de décisionliétatur une comparaison entre le
comportement réel du pont (basé sur les deux premiétapes d’inspection et d'analyse
structurale) et les exigences des codes de dimersicent appropriés. Alors, une décision
pourra étre prise entre le renforcement, et lartigete a utiliser, ou bien le remplacement de
'ouvrage.

Le renforcement des ponts existants en béton aom&tittie une alternative frequemment
considérées par les ingénieurs structure quandllié@tion de leurs performances indique une
baisse de leurs résistances de flexion ou au leiseht. Comme évoqué préecédemment, des
dépenses considérables sont consacrées chaquedalanggaration de tabliers de ponts BA.
Aux Etats-Unis, les sommes s’élevent a 3 milliaddsdollars par an alors que I'instauration
de bonnes pratiques de maintenance permettraédigre ces montants par au plus 46% [CC
Technologies Laboratories Inc 2001]. La méthodeetdorcement la plus efficace, et la plus
répandue, consiste en l'utilisation de renfortdésobar I'extérieur. Depuis longtemps, des
plaques en acier ont été collées sur les partretués ou sur les flancs de poutres en béton
armé pour augmenter respectivement les résistamcésxion et au cisaillement. Depuis un
vingtaine d’années maintenant, I'application extede lamelles de polymeres renforcés de
fibores (PRF) a progressivement remplacée ['utiisatde plaques en acier. Les matériaux
composites a base de PRF ont mobilisé I'attentierpdr leur forte résistance spécifique
(définie comme le rapport entre la résistance et [@ids ou leur densité), leur facilité
d’application, de manipulation et de transporty lgsistance vis-a-vis de la corrosion,... De
plus, 'inconvénient du colt élevé de ces compegtut étre compensé au regard des faibles
codts d’application et des colts de maintenancéestycle de vie.

La dégradation des performances d’une structureedeun probléeme quand la marge de
sécurité est trop réduite. L'approche traditiongraként utilisée pour déterminer le niveau
sécurité qu’offre une structure méthode s’appuiewucritere sur les contraintes, dans le
domaine élastique, exprimé sous la forme :

0’ . 7
appliquée <E (1.1)
Oadmissible

OU, Tappliquér €t Tadmissib représentent respectivement les composantes deaicoes

appliguée et admissible. est le facteur de sécuritée.
L’équation Equation 1.1 peut s’exprimée égalemensaun autre formalisme impliquant

la résistance de la section et les actions ap@gjué
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Sut ¢ (1.2)
R{Xi}

Ou, R exprime la résistance de I'élément de structursideére. Elle est fonction d’'un vecteur
de variables de dimensionnement notégsdui peuvent étre les propriétés mécaniques des
matériaux ou les caractéristiques dimensionnellesladsection.S représente les actions
appliguées sur I'élément de structure. Ce paramettefonction du vecteur des charges
appliguées [} : permanente, variable, dynamique,...etc.

Tout ou partie des composantes des vectegisef {Li} peuvent étre considérés de
maniére déterministe, c’'est-a-dire par une valaluque et déterminée par avance. Ce calcul
déterministe pourra étre privilégié quand les itttetes ou variabilités des parametres -
chargements, propriétés matérielles, géométrieadgettion — influencant la mesure de la
fiabilité ou de la marge de sécurité d’'une struefpeuvent étre négligées. Ce type d’approche
peut étre utile pour les calculs réalisés dansolmaine élastique. Toutefois, pour les hauts
niveaux de chargements (i.e. si 'on se rapprodate @tats limites ultimes), ces approches
déterministes ne sont pas satisfaisantes ni effcaar il s'agit de prendre des décisions dans
un contexte devenant incertain. Dans ce cas, touseera vers les méthodes plus pertinentes
de type probabilistes ou fiabilistes. Ces démarames de plus en plus pronées aujourd’hui
dans 'analyse des structures.

Selon la norme NF EN 1330kerminologie de la maintenanda fiabilité est « I'aptitude
d'une entité a accomplir une fonction requise, ddes conditions données, durant un
intervalle de temps donné ». Le terme fiabilitééglement utilisé pour désigner la valeur de
la fiabilité et peut étre défini comme une probiébilC'est alors la probabilité pour qu’'une
entité puisse accomplir une fonction requise, ddas conditions données, pendant un
intervalle de temps donné. Dans le domaine deststes du génie civil, la fiabilité de tels
systemes peut étre définie en termes statistiqoesme la probabilité que la structure
considérée assure un niveau de performance adeigta-¢is de I'état limite ultime de
résistance, de service ou d’'un autre état limitejpat un temps déterminé (qui est le plus
souvent celui de la vie de I'ouvrage). En ces tarrfgefiabilité s’exprimera usuellement sous
la forme d’un indicef) ou d’'une probabilité de défaillandex).

La fonction définissant la limite entre sécuritééfaillance peut s’écrire :
Rixi} =Sy =0 (1.3)

Avant d’estimer la fiabilité en se basant sur lesaepts probabilistes, il est nécessaire de
choisir quelles seront les composantes des vecfegrst/ou {Li} qui seront considéres en

tant que variables stochastiques : chacune d'efigs sera définie par une valeur moyenne,
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un écart-type et un type de distribution statistiglinsi, pour revenir aux indicateurs de la

fiabilité, la probabilité de défaillance d’'un élémele structure pourra s’exprimer :

P =ProblRly } -} <0) (1.4)
L’indice de fiabilité s’exprimant quant a lui :
p=-o"(p) (1.5)

Ou, @™ est la fonction inverse de la loi normale (ou géerme).

Généralement, les objectifs principaux des analysebabilistes, au-dela de la seule
évaluation de l'indice de fiabilité, consistent l&Ftablissement ou encore la calibration des
facteurs de sécurité partiels impliqués dans leatdans de dimensionnement.

Dans le code de dimensionnement, ces facteurs deritéé se retrouvent dans le
formalisme des fonctions d’états limites :

PR=D %S (1.6)
Ou, ¢ est le facteur de sécurité partiel associé adestenceR. y; est le facteur de sécurité
partiel de la charge appliqu&ecorrespondante.

Cette équation Equation 1.6 a été développéelemtiant au cours des années 60 pour une
premiere application dans les codes de dimensioenerdes structures en béton arme
[Melchers 1999]. La calibration des facteurs dauséx présents dans I'équation Equation 1.6
consiste a traiter le probleme d’optimisation agsdc I'équation Equation 1.4. L’objectif
étant un indice de probabilité cibfe (ou une probabilité de défaillance limite). Cejeatif
de fiabilité est généralement évalué par des candigxperts et dépend de nombreux facteurs
comme le type de structure, son environnemengtlignite considéré, le type et le mode de
défaillance, les conséquences financieres, en tedaesécurité,... La Figure 1.3 donne une
vision générale des objectifs en termes de prababié défaillance exprimés par des experts
pour différents secteurs industriels a risquesiféérenciant par leurs durées de vie [Lemaire
et al 2009]. A titre d’exemple plus précis, l'indice filbilité & 50 ans dans le cas de I'état
limite ultime sera donnée dans I'annexe C de I'Eade 0 (2001) avec une valeur cible de 3.8
(1.5 pour I'état limite de service ELS) ce qui espond a une probabilité de rupture (en 50
ans) de 7.2x10(7.0x10% & 'ELS).
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Figure 1.3 :Niveaux de fiabilité, exprimés en termes de proltélde défaillance limites,

pour diedfférents secteurs industriels [Lemairal, 2009].

Cet objectif de fiabilité doit étre tenu dans lenps tel qu’attendu par la norme NF EN
13306 évoquée plus avant. L’étude de la fiabilaéglle temps ou « fiabilité dépendante du
temps » implique généralement I'évaluation de laédude service d'une structure sous
linfluence de facteurs de dégradation associéschaxgements, aux propriétés matérielles et
géométriques. La durée ou temps de service d’'unetste peut étre définie comme le temps
pendant lequel une structure est apte a assumaines spécifications techniques ou
d’assurer un certain niveau de fiabilité. L’analgeela fiabilité dépendante du temps peut étre
menée a partir des Equations 1.3 et 1.4 en y impiéant des modéles de dégradation de la
résistance et/ou d'augmentation des chargemenssleaamps.

De nombreuses méthodes ont été développées aBtintke la fiabilité (pour un temps
donné et/ou dépendante du temps) des structurepe@rciter les méthodes de fiabilité du
premier et second ordre (plus connues sous leumhyaoes en anglais FORM pour First
Order Reliability Method et SORM pour Second OrRetiability Method), ou encore celles
s’appuyant sur les simulations Monte-Carlo. Lesxdpremiéeres sont les plus couramment
employées. Elles consistent en des méthodes dapmation de la fonction d’état limite. La
meéthode dite Monte Carlo est basée sur la génardegonombres aléatoires ; elle sera plus
précise mais requerra un grand nombre de simutatien souvent trop consommatrices en

temps de calculs [Lemaire, 2009 ; Melchers, 1999].
CADRE ET OBJECTIFS DE LA RECHERCHE

Le principal objectif de la présente étude estaledaire I'analyse de la fiabilité dépendante
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du temps de poutres d'un pont en béton armé sugette corrosion par attaque des i
chlorures et soumise a l'augmentation des chargesafic dans le temps. Les poutres
béton armé devront étre renforcées quarndice de fiabilité aura été réduit a un niv
minimum autorisé/f{min). Le renforcement sera réalisé a I'aide de lamsalle PRF collées s
le dessous et les faces latérales de la poutregtiags limites ultimes de résistance en fle
et au cisaillemat et I'état limite de service (en déplacementpseconsidérés dans I'étuc
Pour le premier état limite de résistance en flexide multiples modes de défaillance ¢
considéreés rupture du béton en compression, décollemenitre des lamellese PRF en
partie courante, la décohésion de I'enrobage elétmllement des lamelles de PRF de|
leurs extrémités.

L’analyse fiabiliste sera conduite en deux te: une étude individuelle de chaque ¢
limite et de chaque élément, suivie d’'une anade la superposition des modes couplé:
concurrents de défaillance et de dégradation dae€tude a I'échelle du systéeme, celle ¢
structure.

La présente recherche donc requiert que les eforent portés sur plusieurs asp : les
composites a PRF, sur I'analyse de la fiabilitéeshelante du temps et sur I'analyse au ni\
de la structure. Laigure 1.4 permet de visualiser le champ dempétences nécessite
d’étre intégrée dans nos travaux. Chaque aspenbsiue avec les autr; ceci illustre le
besoin de traiter le probléeme dans son ensembtétpjue de fagcon découplée. Chaque :
de ce diagramme, y compris au niveau des imlions, permet d’identifier les sept éléme
(et leurs sougiéments) d’étude nécessaires a notre rechi
1. PRF: Nature, propriétés, durabil
2. Fiabilité: Variables aléatoires, états limites, méthod:

fiabilité, modéles statistiques des chargementsviz:.
3. Structure: Modes de rupture, analyse structu:

modéles analytiques ou approches numériques (mg
des éléments finis), comportement des maux.

(1) PRF

itac«
composite: 4. PRF - Fiabilité: Représentation statistique ¢
propriétés du PRF moyenne, éce-type, loi de
distribution.

5. Fiabilit¢ — Structure: Méthode fiabiliste, méthod¢
d’analyse et leurs incertitudes

6. PRF — Structure: courbes contrain-déformation des
PRFcollés, modélisation du comportement des lami

)

(2) analyse dg§

Ia, fiabilite (3) Analysis de PRF au sein du modeéle de la strut.
dépendante structurale | 7. pPRF — Fiabilité — Structure: Valeurs minimum et cibl
du temps de lindice de fiabilité, modéles statistiques pdes

matériaux, méthodes de fiabilité, modéles
dégradatin, des charges variables appliquées, mét
d’analyse

Figure 1.4 :Les éléments d’étude a considérer pour I'analyda flebilité dépendante c
temps de poutres de ponts béton armé renforcéempruosites de PR
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Les principaux objectifs ou points clefs de la exche consistent en :

1. la détermination d’'un modéle probabiliste des pé&ips variables dans le temps des
aciers a partir d’'une simulation de type Monte €atl d'un modeéle probabilisé de
corrosion induite par attaque des ions chlorures.

2. la détermination d’'un modéle probabiliste des ceargnts variables du trafic a partir
d’'une simulation de type Monte Carlo s’appuyant & observations sur site de
Nowak [Nowak 1993, 2004] et sur les hypothéses gaada variation au cours des
anneées des charges des camions.

3. la construction du profil de fiabilité (tracé denltlice de fiabilité ou de la probabilité
de défaillance en fonction du temps) de poutresdBgradées et réparées par des PRF
accompagnée de l'analyse de l'effet de la réparadiar la fiabilité. La fiabilité est
calculée en appliguant la méthode de fiabilité denper ordre (FORM) sur les
equations simplifiees des codes de dimensionnerhantalibration des facteurs de
sécurité partiels pourra en étre déduite.

4. la proposition d’'une méthode d'analyse de la fighild’'une structure couplant
simulations de Monte-Carlo, Reseaux de Neuronesfiolets et Méthode des
Eléments Finis (MOC — RENA — MEF). Cette approchpourra étre validée en
comparant ses résultats avec certains points ddil pde fiabilité construit
précédemment.

5. l'établissement de recommandations sur la baserél®dtats obtenus et sur la
comparaison entre méthodes FORM et MOC-RENA-MEF.

ORGANISATION DU MANUSCRIT DE THESE

Le travail de thése est présenté en trois partieples de celles consacrées a la présente
introduction et a la conclusion générale. La preenjgartie sera divisée elle-méme en deux
chapitres. Le premier d’entre eux consiste en ppabet une revue quant a la dégradation des
structures en béton armé par corrosion des baegkdsous I'effet des ions chlorures, quant
aux mécanismes de pénétration des ions chlorues;odosion des renforts and de la
fissuration de I'enrobage de béton. Le second tteaiera quant a lui consacré a une
discussion breve sur les méthodes de réparatiopalgses en béton armé suivie d’'une revue
des techniques de renforcement a l'aide de PRiguwe propriétés, de leur durabilité pour
finir par une étude du comportement des poutreomedes ou réparées a l'aide de PRF et de
leurs modes de défaillance.

La seconde partie est divisée en trois chapitregremier sera consacré tout d’abord a la
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modélisation structurale de poutres renforcéeaidd’de PRF. Cette premiere section fera le
bilan des formules analytigues relevées dans lérdiure existante et les codes de
dimensionnement. Des détails pour chaque étatdimitiltime et de service -, chaque mode
de défaillance seront donnés. La suite du prenhigpitre permettra d’introduire les principes
et bases de la modélisation numérique — par laodétdes éléments finis — des poutres BA
renforcées. Dans ce cadre, une bréve descript®madeéles de comportement des matériaux
constitutifs et des éléments de structure seraémrira modélisation par éléments suivis sera
conduite sur un logiciel commercial (ABAQUS). Leud&me chapitre de la partie Il se
concentrera sur I'explication de la constructionsdefaces de réponse — établies en fonction
des variables du dimensionnement — couplées awrEdeaux de neurones afin de simuler la
réponse structurale. Dans ce chapitre nous présestele maniere détaillée I'architecture
interne de ces réseaux neuronaux. Le troisieme itohamtroduira quant a lui les
fondamentaux des approches stochastiques. Ce rehdgibute par la définition de termes
principaux liés a I'analyse fiabiliste et par la&pentation des méthodes pouvant étre utilisées
pour calculer les indices de fiabilité telles gas inéthodes d’approximation des surfaces de
réponse aux premier ou au second ordres et lesiteEs de simulation basées sur les
réseaux de neurones. Ce chapitre se conclura sdetkl pas a pas de la procédure
développée pour I'analyse de la fiabilité dépenelat temps.

La troisieme et derniére partie de la thése seseli@n deux chapitres. Le premier se
décompose en deux sections. La premiere vise amnegsdans le détail — dimensions du pont,
valeurs caractéristiques des propriétés des maxeriehargements appliqués et autres
spécifications du dimensionnement - le cas étudidsda suite de la recherche. La seconde
section fait le bilan des variables amenées acéimsidérées comme stochastiques. Une étude
de sensibilité permettra de justifién fine la nature stochastique ou déterministe des
différentes variables. Ceci réalisé, cette secienpoursuit par I'évaluation des modeles
probabilistes de la section des aciers (perte clgosedu fait de la corrosion) et des charges de
trafic en fonction du temps. Le deuxieme chapitrdadpartie Ill se concentre sur I'analyse de
la fiabilité dépendante du temps des poutres BAoreées par des lamelles de PRF a fibres
de Carbone (PRFC). Les profils de fiabilité en tamt du temps sont déterminés dans un
premier temps en utilisant la méthode d’approxioratdu premier ordre (FORM) et en
s’appuyant sur les équations analytiques repogtealidées par la littérature ou les codes de
dimensionnement. Ces profils de fiabilité sont damsecond temps reconstruit en utilisant la
simulation de Monte-Carlo par Tirages d’'Importasesile (i.e. sans couplage avec réseaux

neuronaux et calcul éléments finis). La comparaides résultats permettra de juger de la
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pertinence de l'approximation faite par la méthédd@RM. Enfin, la méthode développée
dans le cadre de la recherche, MOC-RENA-MEF, ekség pour recalculer certains points

du profil (au temps de premiere mise en servicepont, au moment de la réparation et
plusieurs points apres la réparation).

Le dernier chapitre de I'étude contient les conchssgénérales de cette étude. En plus, le
chapitre contient des recommandations pour dedsttecherches
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INTRODUCTION :

GENERAL ASPECTS

Reinforced concrete structures make up an impogartt of the national infrastructures. It
can be casted into a variety of shapes and fimgshitusually, it is durable, strong, and
performing well throughout its service lifetime. Wever, RC structures behave inadequately
over the time when placed in severe or aggressiveaments (for example, structures in
marine environments or under heavy traffic). Sushirenments could dramatically damage
the concrete structure and decreasing its relighiirough the service life.

Chlorides-induced corrosion that affects the rewifay steel in concrete is also a major
problem facing civil structures. A considerablee@sh effort has been done to evaluate
chlorides-induced corrosion effects. It has beemdbfrom these studies that corrosion causes
deterioration in the properties as it reduces tiea,ayield strength and ultimate strain of steel
rebars [Cairn®t al 2005; Almusallam 2001]. Losses in the propertiesteel rebars are the
major corrosion deterioration factor that inducapid aging of RC structures. Palsson &
Mizra (2002) reported that up to 80% loss of cresstion areas for reinforcing a 40-years-old
Canadian bridge demolished in 1999. In additiol, dbcumulation of corrosion products in
steel/concrete interface causes losses of the betwdeen concrete and steel bars, cracking
and spalling of the concrete cover [Lui & Weyer989Li et al 2006]. Figure 1.1 shows
typical examples of corrosion-induced damage: ¢nacind spalling of concrete cover. Loss
of bonded between corroded bars and concrete is hamardous in studying serviceability -
deflection - limit state rather than the ultimatait state. Field studies have shown that RC
bridges at the time of severe cracking loss no rttae 10-20% of its strength and the loss of
safety is not significant [Stewart & Mullard 2007].

(a)

Figure 1.1: Damages induced by corrosion (a) concrete cragkipgoncrete spalling
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Regarding to corrosion cost, in a study conductedld® Technologies Laboratories Inc
2001] to determine the economic impact of corrogmmindustry sectors, it was found that
the total direct cost of corrosion in the USA issd to US$137.9 billion per year for all
industrial categories; infrastructure, utilitiegrisportation, production & manufacturing and
government. Direct cost of corrosion of infrasturetonly was estimated to be 16.4% ($22.6
billion/year) of the total direct cost. Figure JpBsents the contribution of each sector in the
infrastructure category.

Production &
Manufacturing

Hazardous
Materials

Government

22.6US$
billion/year

billion/year

Waterways

29.7US$ & Ports
billion/year . 0.3US$
Utilities billion/year billion/year
34.7% Transportation 1%
21.5%
Gas &Liquid Transmission
Pipelines 31%
(a) Annual cost of corrosion in industry categoiie)SA (b) Annual cost of corrosion in infrastructure sest

($137.9 bilion) ($22.6 bilion)
Figure 1.2: Annual cost of corrosion in USA [CC Technologiesbbratories Inc 2001].

According to the study, there are approximately,683 bridges in the U.S. Of this total,
200,000 are constructed of steel, 235,000 are cioveal reinforced concrete, 108,000 are
constructed using prestressed concrete and thendeals made with other construction
materials. Approximately 15% of these bridges amecturally deficient because of corroded
steel and steel reinforcement. Annual direct cesitrates total $8.3 billion, including $3.8
billion to replace deficient bridges over the néxx years, $2 billion for maintenance and
capital costs for concrete bridge decks and $hifior their concrete substructures, and $0.5
billion for maintenance painting of steel bridges.

Another deterioration factor of a great importasbeuld be considered in studying the
safety of bridges is the growth of live load ovée ttime. Stewart & Rosowsky (1998)
reported that in the USA there are approximateBo48 bridges that are currently deficient
due to either structural deterioration and/or tcaffinadequacy (increased traffic
loads/volume). Koay (2011) reported that approxetyat 0% of the bridges in Victoria were
built before 1975. They were designed to carry migeter loads than today's bridges and
their capacities are being further reduced by detion in their condition. A high

proportion of these bridges require strengthenimgjideally replacement in order to meet the
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ever increasing traffic volumes and heavier commévwehicle loads.

Assessment of an existing bridge usually involvesd main steps [Vat al 2000]. First
is the site inspection and collection of statidtdata. Inspection is often done usually on a
regular basis to identify the changes that haveurmed since previous inspection time.
Regular intervals not exceeding 2 years as recordetery National Bridge Inspection
Standard (NBIS) [Chen & Duan 2003]. Further measats and testing may be required.
For RC structures in chloride contaminated envirenithe first sign of corrosion induced
distress is cracking, delamination or spalling a@haete cover. Partial destructive or
nondestructive techniques may be used to determaterial properties (e.g., core testing or
the use of Schmidt hammer to estimate in situ @gaccompressive strength), element
dimensions (e.g., electromagnetic cover-meter tatkd and measure cover of reinforcing
bars) and detect defects (e.g., impact echo tadoeage voids or delamination, half-cell
potential and resistivity measurements to predietlikelihood of corrosion) [Suo & Stewart
2009]. Second is the structural analysis to deteenthe structural performance. Structural
analysis may be performed deterministically (based design load and resistance) or
probabilistically (based on reliability or probatyilof failure). Third is the decision making
based on a comparison between the actual bridgevimel{based on inspection and structural
analysis) and appropriate code requirements, thdgcision about appropriate strengthening
technique or replacement can be made.

The strengthening of existing RC bridges is ondhef current problems faced by the
structural engineers when the strength evaluatmlicates a decrease in flexural or shear
strength. In general, strengthening takes placahasstructural performance deteriorate
throughout the service lifetime of the structurethe recent years, the need for strengthening
or rehabilitation of reinforced concrete structunesl been increased, due to the aging of these
structures, damage of these structures, modificstia design codes or to support higher
vehicle loads. As previously mentioned, in the UgAto US$3 billion/year is spent on repair
of RC bridge decks, however it is estimated thagirowed maintenance practices can reduce
this amount by up to 46% [CC Technologies Laborasodinc 2001]. The most power
strengthening tool that had been widely used forfeeced concrete structures is the use of
externally bonded reinforcements. Traditionallyge$tplates have been bonded to tensioned
surface or to the side of the RC beams to raiseufsé or shear strengths respectively.
However, over the last two decades the applicatmingéiber reinforced polymers (FRP)
laminates as an external reinforcement have regltdee use of steel plates. FRP composites

laminates have received more attention than stasgdue to their high strength-to-weight
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ratio, ease of installation, transportation, cadoosresistance ...etc. Although, FRP
composites cost may be high, it can be offset by litw installation and long-term
maintenance costs.

The degradation in the structure performance besangoblem when the safety margin
is too small. The traditional method to define stawal safety is through a factor of safety,

usually used in elastic stress analysis which reghiat

_ Tapplied  _ ¢ (1.1)

O permissible

where,gapplied @Ndopermissivie@re the applied and permissible stress componespectivelyF
is the safety factor. Equation 1.1 can be given aisthe term of stress resultants (section
resistance and the applied action), obtained byompiate integration:

Al g (1.2)

R{Xi}
where, R is the resistance of the structural member andtiom of a vector of design
variables }; such as material properties or section geom@&ig.the applied actions on the
structural member and function of a vector of thpli@d loads L;}: dead, live, impact, etc.

All or some of the components ok and {L;} are expressed deterministically with their
deterministic values. This approach was considased@ measure of the reliability or safety of
a loaded structure within the elastic range, asutircertainties associated — in: loads, material
properties, geometries — using the elastic rangeg Ioe neglected. However, deterministic
approaches are not efficient for decisions takesreumincertainty induced from high loading
level (i.e., structure is close to the ultimateitistate), a more useful assessment and powerful
tool is probabilistic or reliability analysis whigh recently used in safety analysis.

According to NF EN 13308aintenance Terminology standaneliability is « the ability
of an item to perform a required function underegivconditions during a given time
interval». The term reliability is also used to denthe value of reliability and can be defined
as a probability. It is then the probability for antity to perform a required function, under
stated conditions, for a given time interval. Ire thomain of civil engineering structures,
reliability of structural systems can be definedstatistical term as the probability that the
structure under consideration has a proper perfoceéstrength, serviceability or other limit
state) throughout its lifetime. In these termsjat@lity is usually expressed in the form of
reliability index () or probability of failure ).

The safety limit state will be expressed as:
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Ry} ~Su) <0 (1.3)

In order to estimate the reliability using probadbit concepts it is necessary to introduce
some/all components o and/or {L;} as stochastic variables: each stochastic variable
expressed by mean value, standard deviation aredtairc statistical distribution. Thus, the

probability of failure of the structural elemenhdae stated as:

P =Ry =S =9) (14)

The reliability index can be expressed as:
p=-0"p) (1.5)

whered™ is the inverse standard normal function.
Generally, the major objectives of probabilistiabsis beside evaluating the reliability
index is to calibrate the partial safety factorgoiwed in limit state design equations that are

recently reported in most design codes [e.g., AAGHRFD 2007]. It takes the form,
¢R=> 1S (1.6)

where, @is the partial safety factor on the resistaRcey is the partial safety factor on the
corresponding applied lo&l

Equation 1.6 was originally developed during théd® for reinforced concrete codes
[Melchers 1999]. Calibration of partial safety farst associated in Equation 1.6 is based on
optimizing equation 1.4 to reach a target reli&pilndex S+ (e.g., AASHTO-LRFD requires
pr=3.5). Target reliability index is generally evaiech by expert or code committee and
generally depends on many factors such as: tyg&gwdture, environment, limit state, type of
failure, consequences of cost...etc. Figure 1.3 sumpsprobabilities of failure estimated
by experts in different industrial areas involviallj the greatest risks, but with very different
lifetimes [Lemaireet al 2009]. For more specified example, reliabilitgéx of 50 years in
the case of ultimate limit state will be given ipgendix C of the Eurocode 0 (2001) with a
target value of 3.8 (1.5 for serviceability limiate SLS) which corresponds to a probability
of failure (in 50 years) of 7.2x10(7.2x10? for SLS).

This objective of reliability must be held in tinas expected by the standard NF EN
13306 as previously mentioned. Time-dependentliétyagenerally results in the evaluation
of service lifetime for a certain structure undestetioration factors associated in loads,
material properties and geometry of the structelanent. The service lifetime of a structure
can be defined as time during which the structweable to meet specific technical
requirements or a target reliability level. Timgadadent reliability analysis can be performed
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using Equations 1.3 or 1.4 with certain deterioratinodels of the strength or/and the growth

of loads over the time.

A
| | ‘ \ | |
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Figure 1.3: Level of probabilities estimated in different irstiial branches [Lemairet al

2009].

Many methods were developed to estimate the stalctaliability such as First Order
Reliability Method (FORM), second order reliabilityiethod (SORM) and Monte-Carlo
simulation methods (MC). The first two methods d&ne most common and they are
considered as approximated methods but they requmnany differential calculations
especially SORM. Monte-Carlo method (MC) is basedandom number generation theory,
but it needs a high number of simulations and @gossidered time consuming [Lemaetal
2009; Melchers 1999].

SCOPE AND RESEARCH OBJECTIVES

The main objective of present study is to perforntinae variant reliability analysis of
reinforced concrete bridge girder under chlorideisced corrosion and growth of live load
over the time. The concrete girder has to be sthemgd when the reliability index of the
girder is deteriorated to a minimum reliability @d(@mir). The girder is strengthened using
externally bonded FRP strengthening technique. lifhi¢ states considered in the study are:
ultimate limit state (e.g. flexural and shear) as®dviceability limit state (deflection). For
flexural limit state, multiple failure modes wereonsidered; concrete crushing, FRP
debonding, FRP rupture concrete cover separatr@hfF&P end debonding.

Reliability analysis is divided into two steps:iadllity analysis for each individual limit
state, then, an overall reliability analysis fosystem of these limits states. Generally, the

study is exposed through three main categories: ¢ariposites, Time dependents reliability
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analysis and structural analysis. Figureidentifies these categories wilgnificant amount
of overlap. This represents the need to consider riblelgm as a whole, rather than as tf
independent categoriekach region on this diagram can be used to iiyeat aspect o
developing a timelependent reliability analysis of FRP strengthenR@ bem. The

significant domains associated with each portiothefdiagram are given in Figure :

1. FRP: properties, typesjurability.

2. Reliability: random variables, limit state
reliability method, statistical models of live Ic.

3. Structure: failure modes, analysis methc
complete analytical approaches or numet
approaches (finite element method), mate
behavior.

4. FRP-Reliability: statistical presentation of FF
properties; mean, standard deviation, distribt.

5. Reliability-Structure: reliability method,
analysis method, uncertainty in analysis me

6. FRP-Structure: stressstrain curve of FRI
composites, method of modeling FRP compc
in the structural model.

7. FRP-Reliability- Structure: target & minimum
reliability value. Material stistical models,
reliability methods, deterioration model, i
load, analysis method

(1) FRP
composites

(2) Time-
dependent
Reliability.

(3) Structure
analysis.

Figure 1.4: Components of Reliability Based Design for FRP 18itkening

The specific objectives of the studies are asalewving:

1. Evaluate a probabilistic model for the steel prapsrover the time using Mor-Carlo
simulation based on a chlori-induced corrosion model.

2. Evaluate a probabilistic model for the live loaddabusing Mont-Carlo simulation
based on Nowak'Beld obs«vations [Nowak 1993; 2004nd on the truck variatic
over time proposed kStewart & Rosowsky [Stewart & Rosowsk§98]

3. Construct the reliability profile of FRP strengtieen RC deteriorated girder a
examine the effect of strengthening on the relity reinforced concre girder.
Reliability was performed by applying the first erdreliability method on th
simplified design equatics presented in design codes. This method is usedlitorate
partial safety factor for the FRP compos

4. Perform areliability analysis using Mon-Carlo based on Neural Network applicat
and finite elements method (MNN-FEM). The results will be compared with 1
results obtained in the previous step at certaintp@n the reliability profile

5. Eventually, recommendations will be given basedtlo®m results obtained and t
comparison between FORM and I-NN-FEM algorithms.
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THESIS OUTLINES

The manuscript is divided into three parts in ddditto the present introductory part and a
general conclusion. Part | is divided into two dieap. The first chapter of part | reviews the
deterioration of the reinforced concrete structureder chlorides-induced corrosion of steel
rebars embedded in concrete; chloride ingressforeement corrosion, and concrete cover
cracking. While the second chapter of part | presen brief discussion about repairing
methods of RC girders. Afterwards, the sectionsere\FRP strengthening RC girders; FRP
material - history, types, properties, fabricatiotrability... etc - behavior of FRP
strengthening RC girder, failure modes of FRP gjfteening RC girder, and design codes.

Part 1l is divided into three chapters. The firdtapter of part 1l outlines the structural
modeling of FRP strengthening RC girder. The fssttion of the chapter presents the
analytical formulas used to model FRP strengthe®@ggirder which reported in previous
studies and design codes. Explanations for eachait limit state — flexural and shear - and
failure modes were introduced. The next sectiothefchapter introduces the principles and
basics of numerical formulation - finite elementsthod - of FRP strengthening RC girder. In
addition the section gives a brief description daitenial constitutive models and structural
elements used to model FRP strengthened RC gidbaqus package commercial software
was used to perform the finite elements analysis.

Chapter 2 of part 1l explains how to constructspmse surface based on design variables
to simulate the structural responses using neuetlvaork applications. Also, the chapter
contains a description of the overall constructafnarchitecture neural network and its
individual components; inputs. Chapter 3 of pappriésents stochastic approach aspects. The
chapter starts with outlines of all the reliabiliiefinitions and principles of uncertainty
modeling. The chapter also gives definitions andhiwds that could be used to calculate the
reliability value such as first order reliabilityatinods, second order reliability method, and
simulation techniques based on neural networksicgijns. In addition, the chapter
concludes the steps required to solve time-varirability analysis.

Part Il integrates all aspects of the thesis bhyywrag out a numerical example. Part 11l is
divided into two chapters. The first chapter oftpgHrevolved three sections. The first section
presents a detailed description of the design easamed in the study; bridge dimensions,
characteristic values of material properties, lpamsd design specifications. The second
section introduces all random variables that wel donsidered in the study based on a

sensitive reliability analysis. The section als@gdn details to evaluate the time dependent
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probabilistic models for steel area and trafficdeaover the time. The second chapter
integrates on the time-dependent reliability analysf CFRP strengthened RC girder.
Reliability profiles over the time were drawn usifigst order reliability analysis (FORM)
based on analytical design formulas and equatiepserted in design codes. The reliability
profiles were constructed for the ultimate limiatsts discussed in the first chapter of part II:
flexural limit state, CFRP end debonding based stk and shear limit state. Based on the
results obtained using FROM method, sensitivitytdex of the random variables were
presented for the different limit states considenedthe study. In addition, the chapter
presents results of the reliability analysis usignte-Carlo based on neural networks
application and finite elements method MC-NN-FEMeTlater analysis was performed at
strengthening time. The aim of this analysis islieck the reliability using the finite element
method which is considered the most power accui@é in the analysis of structures.
Furthermore, this chapter presents the resultheofdliability analysis of serviceability limit
state SLS (deflection) using MC-NN-FEM.

The last chapter of the study contains the genawatlusions of this study including

recommendations for future actions to be taken.
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PART |: LITERATURE REVIEW

Chapter I.1: Deterioration of RC structures

1.1.1 GENERAL

Chloride penetration in RC structures leading tmfoecement corrosion has been widely
studied in recent publications [e.g., Stewart AlHHg 2008; Atadero & Karbhari 2007: Val &
Trapper 2008]. The corrosion deterioration procems be divided into three main stages;
initiation, propagation before cover cracking anwpagation after cover cracking. This
classification corresponds to the observed vanatibcorrosion current parameters through
each stage. Initiation stage does not include $ossethe strength of the RC section.
Generally, corrosion causes extensive damages adtRiCtures, as it reduces the geometrical
and mechanical properties of the steel bars leadistpw losses in the whole strength of the
RC section after corrosion initiation. Rate of det@tion increases with time, this increase
induces radial cracks in the concrete cover dubd¢accumulation of corrosion production at
the steel/concrete interface. In addition, the fdnerack in the concrete cover causes direct
loss in the bond between the steel and concretehwdientually leads to overall collapse of

the RC structure (see Figure 1.1.1).
|

—

Mean service life

Initiation Corrosion propagation

1

i

g

Corrosion induced - damage,

Corrosion initiation

Concrete cover ctrakin

time (years)>
Figure 1.1.1: Service life of reinforced concrete structuregetééd by corrosion.
Pitting and uniform corrosion are the most two cammntypes of corrosion of steel
reinforcement embedded in concrete. Pitting coorosiccurs when only a small area of steel
loses its passive layer, usually due to high coimagans of Clions. Pitting corrosion is

characterized by a large cathode area and a smatleaarea resulting in accelerated
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corrosion. Uniform corrosion occurs when the pitsvgtogether and when anode areas are
large and the cathode areas are small. The comraate of the latter is much slower when
compared to pitting corrosion because of the logathode to anode rati@g¢maijtis 1998].
Val et al (2000) distinguish two types of pitting corrosiatong bar length based on in site
measurements of repaired bridges: coarse and fisevpich are characterized by corroded
lengths ranges between 20-100 mm 2RHmm respectively.

The main objectives of this chapter are to review:

* The basics and principals of corrosion mechanism

» Chloride diffusion in concrete leading to initiatiopropagation of corrosion process in

addition to damages induced in the propertiesiofoecement due to corrosion.

» Concrete cover cracking which results in updatihgosrosion current
[.1.2 MECHANISM OF CORROSION OF STEEL IN CONCRETE

The strongly alkaline nature of concrete, due t¢0EH, with a pH of about 13, prevents the
corrosion of the steel reinforcement by the foromabf a thin protective film of iron oxide on
the metal surface. This protection is known as ipigs However, if the concrete is
permeable to the extent that soluble chlorides tpatgeright up to the reinforcement while
both water and oxygen are present, thus corrosforeinforcement will take place. The
passive iron oxide layer is destroyed when the all$ below about 11.0. Corrosion of steel
occurs because of the electro-chemical action wischusually encountered when two
dissimilar metals are in electrical contact in gresence of moisture and oxygen. However,
the same process takes place in steel alone bechudiéferences in the electrochemical
potential on the surface, which also leads to farocorrosion cell.

Basically, corrosion cell involved four componentmode, cathode, electrolyte and
electrical connection. The anode usually corrodefo$s of electrons from electrically neutral
metal atoms to form discrete ions. These ions neagain in solution or react to form
insoluble corrosion products. The electrochemicalcess is often divided into primary
electrochemical processes and secondary proceBsesorimary electrochemical processes
starts when the concentration of the chloride atdbrrosion cell reaches a critical threshold
value, at this point the passive film is degradgdchloride ions or the pH reduced by

carbonation, the metallige at the anode is oxidized to form ferrous ioR&*{):

Fe - Fe?t +2¢e” (.1.1)
The released electrons at the anode flow throughstkel to the cathodic areas, as

illustrated in Figure 1.1.2 [Ahmed 2003]. The abaeaction is initially balanced by cathodic
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reaction of dissolved oxyge®4) to hydroxyl ions QH):
2H,0+0O, +4e - 40H" (1.1.2)

chloride and oxygen diffusion
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Figure 1.1.2: Schematic illustration of corrosion mechanismesfforcement in concrete.

The anodic produdee” reacts with the cathodically formed hydroxyl idnsproduce a ring
of a white precipitate of ferrous hydroxiée(OH):

Fe’" +20H™ — Fe(OH), (.1.3)

In the secondary processes corrosion productserergted. Various corrosion products
can be produced depending basically on the pHef&tilution. Thé=e(OH), can be further
converted to hydrated ferric oxidee,O3.H,0), also known as ordinary red-brown rust, and
black magnetit¢Fe;O,) preceded by the formation of green hydrated migtgn€e;04.H.0):

4Fe(OH ), +O, — FeyO3.H,0+2H,0 (1.1.4)
6Fe(OH), +Oy - F&0,4.H,O+4H,0 (1.1.5)
Fe,04.H-0 - Fes04 +HL0 (1.1.6)

Most of forms of chemical reactions due to corrosiwe affected by some factors. Such
these factors may be classified into two major gates: external factors (mostly
environmental) and internal factors (depend ondbecrete and steel quality). Table 1.1.1
presents a summary of these factors. It is welmknthat the different corrosion products
have different densities and expansions volumeshaan in Figure 1.1.3.
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Table I.1.1: Factors affecting corrosions mechanism [Ferred@42

External factors

Internal factors

and moisture 4

* Availability of oxygen
reinforcement level
Relative humidity
Temperature
Carbonation and penetration of acidic gase
pollutants to the reinforcement level

Aggressive anions reaching the reinforcement I¢

Stray currents

Ate

Cement composition

Impurities in aggregates

Impurities in mixing and curing water
Admixtures

w/cratio

Cement content

Aggregate size and grading
Construction practices

Bacterial action Concrete cover over reinforcing steel

Chemical composition and structure of the
reinforcing steel
pH of the concrete porewater

Fe

FeO \

FeQO \

FeQ \

Fe(OH), |
Fe(OH), |
Fe(OH).3HO. |

1 2 3 4 ‘

Volume, irt
Figure 1.1.3: Relative volumes of iron and its corrosion reatgooducts (1ifF16.387) [Lui
& Weyers 1998]

0

1.1.3 CORROSION INITIATION

In corrosion initiation stage the chloride ingressseo concrete. In many previous studies [e.g.,
Vu & Stewart 2000; Val & Trapper 2008: Bastidase®tjaet al 2008], chloride attack had
been considered as a diffusion process of moighumrigh voids spread in concrete media,
which is assumed also to be relatively moist. Basedhe theory of diffusion, the diffusion
process of chloride-ion through the concrete camelpeesented according to Fick’s second
law:
32C(x,t)
x>

whereC(x,t) is the chloride-ion concentration in concretahat distancex (see Figure 1.1.4)

oc(xt) _

5 (.1.7)

cl

from the surface of concrete at the timjeand D is the apparent (or effective) chloride

diffusion coefficient of concrete. In this equation assumed that: (1) concrete is a

homogenous and isotropic material (2) the chlosigidace concentration is constét
Equation I.1.7 has many solutions depending orctimsidered boundary conditions. The

most common solutions used in the analysis of dadodiffusion in concrete is the one
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considering that the chloride concentration eqt@igeroat time equals to zero and chloride
ion concentration equals ©(xt) at timet. Thus, the chloride-ion concentratid(x,t), at
depthx after timet is:

_ _ X
C(x,t)—Csll erf(zmﬂ (1.1.8)

where,erf is the error functiorDy, is the chloride diffusion coefficient.

D¢ is not significantly affected by the source ofarfide [Vu & Stewart 2000]. However,
it is significantly influenced by time of exposutemperature and relative humidity, and can
be evaluated as follow [Val & Trapper 2008]:

Del = Dcl,ref fcI,T(T)fcI,t(t)fcI,h (RH) (1.1.9)
whereDg et IS @ value oDy which corresponds to a reference temperafye298 K, at a
critical relative humidityRH.=0.75, and at a reference tirhg=28 daysAccording to Val &

Trapper (2008), the three functions in EquatiorBltere formulated as:

for(T)=expMe(1/Tef —1/T)/R] (1.1.10a)
o (1) = (tref /)70 (1.1.10b)
fan(RH)=[1+(1-RH)* /(1-RH )41 7t (1.1.10c)

where T is the absolute temperature in Kelvide (=44.6+4.46 kJ/mol) is the activation
energy,R (=8.314 J/mol Kelvin) is the universal gas conttamge (=0.15) is the aging
coefficient, andRH is the relative humidity.

Darer represents the concrete permeability and is enfted by mix properties (water-
cementwc ratio, cement type, aggregate...etc), curing, comnacVu & Stewart (2000)
compared a number of models developed to prddict: with field measurements; the

authors recommended the following equation as déisédescriptor oD res -

3
1+ pc.we wc—- 085
Daiset = 015Dy o P (pc ] (1.1.11)

27 1+ pcwe+ pcac/ pg | 1+ pcwe

where D, is the chloride diffusion coefficient in an inftaisolution (=50491.08 mftyear

for NaCl), ac is the aggregate-cement ratwg is the water-cement ratip, andp, are the
mass densities of cement and aggregates respgctivel

Equation 1.1.8 may be reorganized to find the paieih depth of chloride threshold
aggressive fronDgy(t) in substitution of parameta&rin Equation 1.1.8, as
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Dy (t) = 2,/Dg terf '%1-%} (1.1.12)

S
where,Cy, is the value of the critical threshold chloridencentration for which the passive
layer of steel is destroyed and the corrosion readiegins. The terrdt under the square
root in Equation 1.1.8 is calculated according tquétion 1.1.13. Since temperature and
humidity are time dependent, average monthly teatpeg and humidity profiles can be used
to perform the integration using increment procedand a time increment equals to one
month [Luping & Gulkers 2007]:

D¢ (t) = Delref fcI,T (T)fcl,t(t)fcl,h (RH) (1.1.13)

As far as the chloride surface concentrationis considered, used in Equation 1.1.12,
McGee (1999) has conducted a field-based study 188 lbridge in Australian state of
Tasmania. In this study, the author suggestedttigatsurface chloride concentrati@y (in

kg/m®) as a function of distance from the coakin(km) is

295 if d<=0.1
Cs(d) ={115- 181logyo @), if 0.1<d<2.84 (1.1.14)
003 if d>2.84

Finally, from Equation 1.1.12 it is possible to eéehine the corrosion initiation timey()
which corresponds to the time required Bg(t) to reach the net concrete coeaas shown in
Figure 1.1.4. After this time we must consider osion propagation.
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Figure 1.1.4: Schematic illustration of chloride diffusion pr@sanduced corrosion initiation.
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1.1.4 CORROSION PROPAGATION

According to Faraday’s law of electrochemical ealewce, the corrosion current density,

icorr, Of Steel corrosion cell can be expressed as:
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i t
leor(t) _ 5 (1) (1.1.15)
n02 F
whereicor(t) is the current density of cathodic electrodeimiett, ico(t) can be expressed
either as a corrosion current density(icm?; the loss of metal per unit surface area) or per
unit of time (in um/year). The relationship between both units canob&ined by using

Faraday’s law for uniform corrosion (i.enA/cm?=11.6um/year). no, is the obtained electric
number of oxygen molecules participating in cheiniesaction (o, =4), F is Faraday's

constantF=96500x10 C/mol. J«(t) is the diffusion flow of @ on the steel surface at time
Based on electrochemistric principle, the diffusitow of matter A in matter B equals the
product of diffusion coefficient of matter A in nat B with the first order derivative of
concentration of matter A in the direction of dgfan, i.e.,

0C(x)
X

Jo(t) = Do, (1) (1.1.16)

where DOZ(t) is the diffusion coefficient of ©(in mnf/year) in concreteC(x) is the

concentration of @in a concrete of distance from surface, in the diffusion direction.
Diffusion of O, in concrete obeys Fick’ first law [Liangt al 2005; Bastidas-Arteagzt al

2008]. Thus, the concentration ob,((x), varies linearly in the area of the diffusion d¢ay

from the maximum value on the concrete surfacé¢ozero value at the chloride frddg(t)

as given in the following Equation:

9C(x) _ Co, ~Cst
()4 Dth(t)

(1.1.17)

where C,, is the oxygen concentration on the concrete sur(fegze:8.93x101° mol/mnT). Cy
is the concentration of O(in mol/mnT) at the distancey(t), thus, Cs=0. Substituting
Equations 1.1.16 & 1.1.17 into Equation 1.1.15 viglto the corrosion current, (LA/cm?) as:

no, FDo, (t)Co,
Den(t)

icorr (1) = (1.1.18)

It can be observed from Equation 1.1.18 that coorosurrent decreases with increasing
the depthDy(t) of critical chloride concentration (see also Fegurl.5). This concept
simulates the corrosion process in the natureeasdlrosion rate in the nature after initiation
tends to decrease with time as shown in Figuré.l.The main reason for the decrease of the

corrosion rate is that the transportation of oxyged moisture is retarded due to the dense
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corrosion rust layer.

When the equilibrium between rates of consumptiod &ansportation of oxygen is
reached, the corrosion rate tends to be steadyn¥ual 2009]. The continuous accumulation
of rust layer at the concrete/steel interface ieducracks around the steel bar. These cracks
start at the concrete/steel interface and propagatards the concrete surface in the radial
direction and eventually reach the concrete surfélbe width of these cracks at the surface of
the concrete, generally known asufface cracks width” propagate with time. When the
width of surface cracks reaches a critical valuditaxhal access of oxygen and moist occur,
thus, corrosion process is reactivated. The timeired for the width of surface crack of the
concrete cover to reach the critical value) is known as the time to severe crackigg
[Bastidas-Arteaga&t al 2008]. Skaiet al (1999) suggest that the valuevaf ranges between
0.3-0.5 mm for durability limit state. Bastidas-@agaet al (2008) recommend a value \of;

equals to 0.5mm. In the present stuaty,will be taken equal to 0.3 mm.

Ol first stage  second stage third stage
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Figure 1.1.5: Time-variant corrosion rate.

The above discussion explains the reason why censgl the coefficient of oxygen
diffusion as time-variant in Equation 1.1.18. Itdemplex to model and predict corrosion rate

activation due to cover cracking. Bastidas-Arteajaal (2008) assumed thaDo2 t)

becomes linearly time-dependent whéewts, The authors consider that the oxygen

concentration on the steel surfaﬁﬁo2 aftert, (with t,>>>>ts; e.9.t,=500 years) coincides

with the oxygen concentration at the concrete sectgz. They substitute these values into

Fick’s second law to get oxygen diffusion coeff'rtﬁeDnQ (t) at timet, as:

2
Dno, (1) = c2/4tn{erf '1(1— C;”SZH (1.1.19)
2

where,c is clear concrete cover in mm.
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Finally, the time-variant oxygen diffusion can bgeessed as:

Do, ref if t<tgp

Do, ref ~Dno . .1.20
D02 ,ref +[ 02 re n 2 J(t_tsp) |f tZtsp ( )

Do, (1) =

tsp n
The reference coefficient of oxygen diffusion befarover crackingDo,, ref is assumed

according to [Lianget al 2005; Bastidas-Arteaget al 2008] as follow:

Do, ref = 3.1536x105{&:15 - 044} (mnf/year) (1.1.21)

Ccu

where,f,, fC'u = f(; /08, is the concrete cube compressive strength in MBg.tBe oxygen
diffusion coefficientDo, (t) is also assumed to vary with respect to the changemperature

T. Arrhenius relationship was used to expregs (t) as temperature dependent:

Yo, (i—iﬂ (1.1.22)
R (T T

whereT is the absolute temperature in Kelvid(=8.314 J/mol Kelvin) is the universal gas

Do, (1T) = Do, (1)exp

constant.Ug, is the corresponding activation energy of theffetient of oxygen diffusion

which can be expressed as [Pour-Gétaal 2009]:

Uo, =(-505wc? +4845wc-94)  (j/mol) (1.1.23)

Middleton & Hogg (1998) and others have reportedt tboncrete cover and concrete
guality affect corrosion rates. Concrete qualitgxpressed as the value of water cement ratio
(wc). When relative humidity is in the region of 70985the oxygen availability at the
cathode and the electrical resistivity of concrete factors affecting corrosion rates
[Yokozekiet al 1997]. To isolate the effect of concrete quafiti ratio) and concrete cover
it is assumed that the corrosion rate is limitedh®yavailability of oxygen at the steel surface
[e.g. Arnonet al 1997]. As such, the oxygen availability dependsconcrete qualitywc
ratio), cover and environmental conditions. Themefocorrosion rate can be empirically
expressed as a function of concrete qualitg (atio) and concrete covec)(based on an
ambient relative humidity of 75% and temperatur@@C [Vu & Stewart 2000]

37,81+ wo) 164

icorr(1) = For ti<t<ti+lyear (1.1.24)

whereicon(1), in pA/lcm?, is the corrosion current through the first yemrcs the time of
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corrosion initiation. As mentioned previously,stexpected that the formation of rust product
on the steel surface will reduce the diffusion loé iron ions away from the steel surface.
Also, the area ratio between the anode and theodatis reduced, and consequently the
corrosion current will reduce with time; namelypidly during the first few years after
initiation but then more slowly as it approachednaarly uniform level. Based on
experimental data reported by [Liu & Weyers 19989d], Vu & Stewart (2000) proposed
an empirical time-dependent corrosion rate modeiclvcan be expressed as:

icorr (1) =icon (1)085t %29 For t>ti,+1year (1.1.25)

However, the applicability of the model is limitéml RC structures in environments having a
relative humidity of 80%. In addition the model da®ot consider the increase in corrosions
rate after cover cracking as shown in Figure I.If.&.high temperature is associated with the
corrosion process, Arrhenius relationship can lpdiegh such that:

. . U
icorr (1T) =icorr (tbx{%(é—%ﬂ (1.1.26)

where T is the ambient absolute temperature in (Kelvifyy is reference temperature
(Trer=293K), Ucorr (=18.98 kJ/mol) is the activation energy of coiwosrate Liu 1994, R is
the universal gas constant.

The reduction in the diameter of corroded reinfogcbar4D in (mm) at timet greater

than the corrosion initiation tintg; (t>ti,) is evaluated according to the following equation:

t
AD(t) =0.0232 igor (1)t (1.1.27)
tini
Thus, the steel area as a function of the timebeatletermined as;
(Do = AD(1))?
4
Equation 1.1.28 is valid for losses due to unifocorrosion as losses are to be uniform

A(t) =1 (1.1.28)

along bar length and perimeter. Another type ofagion of a great importance has been
considered in many studies (e.g. Bastidas-Arteztigal 2009; Vu & Stewart 2000; Duprat
2007). This type of corrosion has a localized damawg the rebar surface. Vel al (2000)
distinguish two types of pitting corrosion along bength based on in-site measurements of
repaired bridges: coarse pits which are charae@ii®y lengtH, ranges between 20-100 mm

and fine pits ranges betweén 2-4 mm (see Figure 1.1.5). The authors assumedtkigat
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reinforcing bar pit area is constant over its léngfius the equivalent bar area is equal to

As(t)=77:(D§—AD(2DO—AD)||ﬂJ (.1.29
p

wherel, is the length of the pit, arlgh (=105mm) is the bar length of in-site measurenaént
corrosion current. The choice f value corresponds to maximum pit length observeithe
survey [Valet al 2000].

It is worth mentioning that corrosion does not efffine steel area only, but its actions also
change the steel properties with time; yield sttengltimate strength and ultimate strain
[Cairnset al 2005; Almusallam 2001]. According to Cairas al (2005), it can be assumed
that yield strength, ultimate strength and ultimateain are linearly proportional to the

reduced cross-sectional arggt) such that:

fy()=@-ayQcorr) fyo (1.1.30)
fu(t) = @-ayQcorr) fuo (1.1.31)
Ey(t) = @-0aysQcorr )€uo (1.1.32)

wherefy(t), fu(t) andey(t) represent the yield strength, ultimate tensitergjth and elongation
corresponding to ultimate strength at a titneased on the bar properties, respectiviglyfyo
ande,, represent yield strength, ultimate tensile strieragtd elongation of non-corroded bar.
Qcorr IS the average section 108Qor=100A(t)/Aso. 0y, oy and ay s are empirical factors.
Cairns et al (2005) review 12 experimental studies which reparerage value of the
empirical factors up to 0.01. Herein, the empirfeaitors were taken equal to 0.005 according

to recommendation given by [Stewart & Al-Harthy 3D0
[.1.5 CRACKING OF CONCRETE COVER

Generally, corrosion products (rust) at the stegiceete interface have volume higher than
the consumed metal in corrosion process (see Figar8). Therefore, the continuous
accumulation of these products initiates tensilesstin the concrete cover, these stresses are
in the tangential direction due to the pressBgg) in the radial direction induced by the
corrosion rust. Radial cracks are initiated — at steel/concrete interface — and propagate in
the concrete cover when the tangential tensilessd® reach the tensile strength of the

concrete. Thus, the time to severe crackigf) ¢an be expressed as [¢tal 2005]:

tsp = t1st + tser (|133)

wheret;s is the time to crack initiatiorge, is the time since crack propagation to the reach
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critical crack width ).

Once corrosion starts corrosion products beginetgpimduced and accumulate over the
time at the concrete/steel interface. Lui & Wey¢t998) assume that the rate of rust
production is inversely proportional to the rusyda thickness around the steel bar, of

diameterD, such that:
dW(t)/dt:kp W, (t) (1.1.34)
whereW;(t) is the mass of corrosion products (mg/mm) at & tifyears). k; is the rate of

rust production which is related to the rate ofah&iss and can be expressed as:

Kp =0.1051/ @y ) 77 Digorr(t) (1.1.35)

in whicho is a ratio expressing the molecular weight oflsieeded by the molecular weight
of corrosion products and related to the type afasion productsu,=0.523 if corrosion

product is Fe(OH)and«,=0.622 if corrosion product is Fe(Of)an average value may be
taken equals to 0.57 [Lui & Weyers 1998]. SubstigitEquation 1.1.35 into Equation 1.1.34

and integrating, the mass of corrosion productsbeaexpressed as:

W, (t) = széo.los( 1/ a, )7Di gory ()t (1.1.36)

Expansion of the accumulated rust layer aroundstieel bar over the time induces
internal radial compression stresses. These strégke place when the rust layer fully fills
the porous band around the steel bar. It is wethwkn that embedded rebars and the
surrounding concrete behave as thick ring [Lui &yéafs 1998; Liet al 2006] as shown in
Figure 1.1.6. In this figurel, is the thickness of porous band around the stelThe inner
and outer radii of the thick ring aee=(D+2d,)/2 andb=c+a respectively. According to Lui
& Weyers (1998), the critical mass of corrosiondurcts that full fill the porous zone can be

expressed as:

_ _ "PstPrust
W = ——SEIUSt_[§ D +( D +2d, Yteit ] (1.1.37)
o Pst — Ay Pryst ° o et

prst IS density of corrosion productss: is density of steelt.; represents the thickness of

corrosion product required to initiate the radia¢sses:

2 2
tori = e | XL (1.1.38)
Eceff | b“-a

wheref. is the tensile strength of the concrdigesis the effective elastic modulus of the
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concrete wherds; es=EC/(1+¢c;). E¢ is the elastic modulus of the concrepg. is the creep

coefficient of concretey.=2. v, is the Poisson’s ratio of the concretgs0.2.

s Ayt
(a) (b)

Figure 1.1.6: Corrosion induced cover cracking Schemedial 2006].

The thickness of rust layeds{t) that induces compression radial stresBg$) at
steel/concrete interface can then be determin@iduiag: Weyers 1998; Liet al 2006]:

0 For W, (t) <Wg,
dryst(t) =9 Wi (1) ( 1 _ ar] For W, (t) =W (11.39)
(D +2dy)\ Prust  Pst
Thus, the time required to initiated radial cratksmay be calculated such thatis(t)= tcrit

or Wi(t) =W.

Based on experimental fitting of accelerated coorogests, Vuet al (2005) propose a
model to calculate the time to crack propagatigs) (vhich can be defined as the time since
crack initiation to reach a the critical surfacaatr width {(v.;). The authors found that the
time to crack propagation can be expressed asifunof the concrete quality as given in

following equation,

- B
where the concrete quality is expressed as the batween the concrete cover and the water-
to-cement ratioq/wc). The constanté& andB in Equation 1.1.40 were fitted for three values

of critical surface crack widthwg,); we=0.3, 0.5 and 1 mm:

A=65 & B=045 for wg =03mm
tseracc) ={A=225 & B=029 for wg =0.5mm (1.1.41)
A=700 & B=023 for wg =10mm
The tests were carried out using a Corrosionigatgxp) 100uA/cm?.

A correction factor Kg) was deduced to relate thgacc) with the real corrosion rate

Icorr(real)-
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ke = Q9E{ex;{— Qﬁcorr(eXp)J B icorr(exp) + 0'3} (1.1.42)

Icorr(real) 2500 corr(real)

Therefore, the real time from crack initiation t@ek propagation to reach the critical surface

crack width in years is:

tser = KR 00114 tseracc) (1.1.43)
Icorr(real)

The model was developed on the basis that the siorracurrent is constant, however
Stewart & Suo (2009) recommended the model for bothosion rates; variant and invariant,
and only for 16mm diameter reinforcing bars. To eyahze the model for additional bar
diameterstsp, given by Equation 1.1.43 is increased by 50% autliced by 25% for bars with
diameter of 10 and 13 mm respectively [Stewart & 3009].

Li et al (2006) derive a full analytical model to predibettime to severe cracking. As
previously discussed the growth of the ring of esion products exerts an outward pressure
P4(t) on the concrete at the interface between thebarsti and concrete. Under this expansive
pressure, radial cracks begin to form and propaigatiee radial direction. The crack divides
the concrete thick-wall cylinder into two co-ax@fllinders: inner cracked and outer cracked
ones, as shown in Figure 1.1.6c. For the outer agkad concrete cylinder, the theory of
elasticity still applies. Because of the symmeligre is no tangential displacement, the model
assume the radial displacemau(r) in the uncracked cylinder satisfies Timoshenko &

Goodier (1970) equation given below:

dzu(r)+;du(r)_u(r)=0

1.1.44
dr2 1 dr r? ( )

The solution of Equation 1.1.44 takes the form,
u(r)=cqrg)r +% (1.1.45)

where the coefficientsi(ro) andcy(ro) are a function of, because it varies betwearandb.

Thus, the radial and tangential stresses can bressgd as follows:

o (r)= Ecﬁ‘f; [(1+ v )ey(rg ) - Ve )202( o )} (1.1.46)
-Vé r
E _
op() = =% [(1+ ), (1) +%} (1.1.47)

According to Liet al (2006), the behavior of the inner cracked concrete cylinder is based
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on many assumptions: cracks are smeared and utyfalistributed on the circumference of
the cracked cylinder; concrete is a quasi-brittlaterial; fracture mechanics is applied to
determine the stress distribution in the crackddhdgr; the cracking in the radial direction
makes the concrete an anisotropic material lodallyhe vicinity of cracks; there exists a
residual tangential stiffness at each point ondfeeked surface along the radial direction
which depends on the tangential strain of that tpewhich is a function of the radial

coordinater. The residual tangential stiffness is constam@line cracked surface, i.e., on the
interval [a, ro], and represented byEc o, Wherea (<1) is referred to as tangential stiffness

reduction factor which can be determined as follfBaZant & Planas 1998]

_ fu eXd- V@‘fg), (1.1.48)
Ecert €o

where gis the average tangential strain over the crackethee. ¢; is the average

tangential cracking strainy.is a material constant. Based on these assumptioegadial

displacementi(r) in the uncracked cylinder satisfies:

2
ddtigr) +%dl;(rf) _aur(g) -0 (1.1.49)

where the solution of Equation 1.1.49 can be inftre of:

u(r)=cH ro)r@ +Cy( ro)r_ﬁ2 (1.1.50)
where the coefficientss(r,) andcy(r,) are related tw,. Thus, the corresponding radial and

tangential stresses respectively are:

o, (r) = %[m Ve)C(r)r Y™ = (L= ), (1 )r 7 ‘”] (.1.51)

c

0, (r) :% 17 + Ao, 73] 152

c
The four constants;(r,), Cx(ro), Cs(ro), Ca(ro) and consequently the strength reduction fagtor
can be found by applying the boundary conditionsthe concrete cylinders,(b)|oute0,
Ur (&) finner =rust(t), Ur(F o)linne™ Ur(r o) louter aNdo(a) loute™ or(@) inner

Eventually, the crack will propagate to the surfatéhe concrete cylinder. At a tintehe
crack penetrates to the concrete surface, thuszaherete cylinder fractures completely and
the outer cylinder is vanished. In this case= b, as the concrete cylinder is completely

cracked. Equation 1.1.49 is the governing equdiiorthe displacement, but the solution must
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be different as the boundary conditions have chéngensequently the solution of Equation

1.1.49 for completely cracked concrete cover caex@essed in the form of;

Ja +C6r"‘/5 (1.1.53)

The two constantss andcs can be determined by applying the boundary cambtio;(b) =0

andu(a) =drs(t). The corresponding average tangential strainbeagexpressed as follows:

u(r)=cgr

b b
—_ 1 1 Ja-1 ~Ja-1
Eg=——|Ep(r)dr=——|(ccr +cgl dr =
6 b_a£ o(r) b_ai( 5 o )

_ (0¥ -a¥¥ )(cs + g /(ab)'?)
Ja(b-a)

The stiffness factor for completely cracked corever

o, exp{— y[(bﬁ ~a¥% \(cg +cq (ab)V7 )/ Ja(b-a)- . 1 Q}}
_ —a (1.1.55)

Ecerr (077 -2V )(cs +cg /(ab)'?)
Ja(b-a)

(1.1.54)

a

b
where Q=I(cl(r)+i2r)jdr.The crack width on the concrete surface of thecosie
r
a

cylinder can be determined as:

WC(t):Zﬂng(b)—Egm(b) (1.1.56)
where £;"(b) is the maximum elastic strain, etb, expressed as [Timoshenko & Goodier

1970]:

UH,m (b) - Vcar (b)
E

£2™(b) = (1.1.57)

ceff
whereaoym(b) is the maximum tangential stressrab. As ¢;(b)=0 andoym(b)=f., eventually

the crack widthw, is given by:

4rd rust (t) _ szct

we(t) =
(1-Uc)(a/b)ﬁ +(1+UC)(b/a)‘5 Eet

(1.1.58)

The time to severe crackirtg, can be obtained using the above describe cover craking
model in an incremental time procedure, in which, the time to sevackingts, is the time
that corresponds to the surface crack width of the concrete cover,dmEedation 1.1.58, to

reach a certain critical valwe,;. The model is fully detailed in [Let al 2006] and verified by
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the authors with experimental results reportedimdradeet al 1993] (see Figure 1.1.7).

0.4

<
sl
T

Crack Width (mm)
=
(%)
T

0.1 E * & Andrade et al (1993)

—— Analy tical

0 1 L L 1 1
0 0.02 0.04 0.06 0.08 0.1 0.12

Time (year
Figure 1.1.7: Experimental verification o(fycrz;ck width over tirfie et al2006].

In the present study, Let al (2006) model's was used to predict the time toesev
cracking, as the model is a full analytical formulhich gives a robust correlation with
experimental results as shown in Figure 1.1.7, &MU et al (2005) model’s is an imperial
formula and used only with a limited number of bameters. In addition, Vet al (2005)
model’'s was fitted on the assumption that the &oro current is constant value which
contradicts the realistic case that takes placéhé nature. Herein, the corrosion current
presented by Equations 1.1.18 & 1.1.20 was usedhe reliability analysis as the model
consider the activation in corrosion process aftacking of the concrete cover. While the
corrosion model presented by Equations 1.1.24-6.1@es not considered activation process
in corrosion after cover cracking.

Figure 11.1.8 presents the results of applyingdbeosion model (Equation 1.1.18) based
on Li et al (2006) cover cracking model's (Equation 1.1.58)l @ine corresponding activation
of oxygen diffusion after cover cracking (Equatidh20). The corrosion current and the area
of a steel bar, with diameter of 25mm, embeddedoincrete with a clear cover of 30mm
were calculated for a time period equals to 100rsyeBased on the result, it could be
concluded that the considering activation of oxyghifusion after cover cracking has a

significant effect on the corrosion current and¢beresponding are of the steel bar.
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Figure 1.1.8: Effect of cover cracking on corrosion activitic30MPa,c=30mm,D=25mm,
Cs=3.05 kg/mi, andC=0.9 kg/n¥, andw j»=0.3mm)

1.1.6 CORROSION ACTIVITY IN FRP STRENGTHENED RC STR UCTURES

Strengthening of RC section using FRP compositenatas may be used to compensate the
losses in strength due to corrosion of reinforcemiérom the other side FRP strengthening
may affect corrosion activity after strengtheniig.an experimental study implement by
Gadveet al 2009 circular reinforced concrete specimens were datel their reinforcements
were subjected to corrosion current, then the preaded specimen were fully wrapped using
two FRP composite types; glass and carbon. Finthé/wrapped specimens were exposed to
further corrosion. Mass losses in reinforcing baeye determined after corrosion. It was
found that, in most worth corrosion loss, the fullsapping of the specimens using GFRP and
CFRP sheets significantly reduce the mass lossaloerrosion by 4.8 and 3.8% respectively
with respect to control specimen. GFRP compositee heeemed to have impeded the
corrosion more than CFRP. This may be due to tgkdrmielectrical resistance of the glass
fiber. However, it may be recalled that the thickmef glass fiber sheets is higher than that of
the carbon fiber sheet in field application. Theref in this experiment a thicker glass fiber
sheet was used. Moreover, the choice of sheekld &pplication depends on several other
factors such as the required stiffness, strengthgldlity...etc. Therefore, the choice of fiber
may be made based on all those factors along \Wgir telative resistance to corrosion.
However, the study may not be considered as astieatiase for the corrosion activity in FRP
strengthened RC beams due to the fully wrappingRP sheets, as beams are never fully
wrapped through strengthening process.

Masoud & Soudki (2006) test ten large scale RC Ilsedarhe test beams fall into four
groups. The first group; control; included a tege@men that was neither corroded nor

repaired to serve as reference for this programe 3écond group; corroded unrepaired;
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included three specimens that were corroded tcettiferent degrees of corrosion: minor,
medium and severe. A reinforcement mass loss &b 3vas used to define a minor degree of
corrosion, whereas mass losses of 9.5% and 12.5% wsed to define medium and severe
degrees of corrosion, respectively. Each degrembsion was induced in one specimen of
this group. The third group; FRP repaired (shama)e included two specimens that were
corroded to a mass loss of about 5.5%, and theairegpwith FRP sheets. The fourth group;
FRP repaired (long-term); included four specimérag tvere corroded to a mass loss of about
5.5%, and then repaired with FRP sheets. Afterireieese last four specimens were exposed
to further corrosion (medium and severe degreesoafosion) to examine their long-term
performance. Two FRP repair schemes were utilipedhie repair process. The first (scheme
) included wrapping the cross-section of the speci with U-shaped GFRP sheets. The
second (scheme II) included flexural strengthermfighe specimen with CFRP sheets in
addition to wrapping the cross-section with U-slia@¢RP sheets. FRP repair schemes | and
Il are shown in Figure 1.1.9.

Results of study have shown that the average nogsed of the repaired beams of the
fourth group are 5.5, 9, and 10.5% for minor, mediand severe degree of corrosion
respectively. In addition the measurements of nasssfor the beams repaired using scheme |
and those repaired using scheme Il were almosticd@nConsequently, it can be concluded
that the CFRP sheets provided for flexural stremgjting in repair scheme Il had a negligible
effect on the corrosion activity, and the obsersastliction in mass losses of the fourth group

with respect to the second group is due to the GWRIPping.

1000
Anchorage GFRP sheet | |
25415 S0
(75x1500 mum) l T U-wrap GFRP sheet l U-wrap GFRP sheet

(100x610 mum) (250x610 mm)

224
229

CFRP flexural sheet 1202950 mm
(SCHEME II ONLY)
3000

3200

Figure 1.1.9: FRP repair schemes | and Il [Masoud & Soudki 2006]
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1.1.7 CONCLUSIONS

The following conclusions are drawn from the préstapter:

1. This chapter presents and discusses all the stagdsthe basic principles that control
each stage, of the RC deterioration process dueotwmsion of reinforcement bars
embedded in concrete element.

2. Chloride penetration is modeled by a diffusion/agetion process. This process depends
on many mechanical and environmental factors swcltomcrete quality, temperature,
relative humidity, chlorides concentration...etc.

3. Chloride-induced RC deterioration is a complex pescis controlled by diffusion,
electrochemical current, mechanical propertiesarfceete. The RC deterioration due to
corrosion process results from the interaction betw (1) chloride penetration, (2) losses
in reinforcement area, (3) losses in the mecharpoaperties of reinforcement and (4)
concrete cracking induced reactivation of corrostomrent and consequently corrosion
process.

4. FRP strengthening of RC element has no effect aoson activity.
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PART |: LITERATURE REVIEW

Chapter 1.2: Strengthening of RC beams using FRP
composites

[.2.1 INTRODUCTION
Reinforced concrete structures are often subjettiedl decrease in stiffness and resistance
over the time. The maintenance of existing RC la®ig one of the current problems faced by
the structural engineers when the strength evaluatdicates a decrease in flexural or shear
strength. The decrease of strength may take plaeet@ many factors such as corrosion of
steel rebars, fatigue... etc. Inspection and evalnatf the damages that may affect
reinforced concrete structures capacity is an itapbrwork to check their reliability for
future periods, their needs for strengthening pfagement in case that the strengthening is
not useful. In some cases strengthening of constetetures is to be implemented not only
due to the harms affecting the RC structures bs & increase their capacity to support
additional live loads. Generally, strengtheningaftructure is required to:

1. Support additional loads: due to the growth officdbads over the time on the lanes
bridges, or due to the change of the use of bugldin
Structural damage due to corrosion of the barsGraRd deterioration of concrete.
Structural damage due to exceptional events aggixpls, fire and crashes.
Changes of the structural system.
Design or manufacturing defects.

The need to reduce tensions, deformations or @pa&ing.

N o g s~ w D

Increasing of ultimate strength and of stiffness.

In the past, the increase in strength has beenide@\by casting additional reinforced
concrete, dowelling in additional reinforcementseaternally post-tensioning the structures.
More recently, attaching steel plates to the serfaicthe tension zone by use of adhesives
and/or bolts has been used to strengthen condret#ses. Even more recently, the use of
Fiber Reinforced Plastics has been developed wkaggame basic technique as for steel-plate
bonding [e.g., Aryaet al 2002]. The most frequent application fields ofngsiexternally
bonded FRP laminates as strengthening tool arershowigure 1.2.1 [Rochdi 2004]:

» Flexural strengthening of RC beams or slabs (1).
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» Shear strengthening of RC beams (2).
* Repairing of Diagonal of masonry walls (3).

* Confinement of RC or masonry columns (4).

Figure 1.2.1: Tical aplicatins of FRP in the strengthenih€ structures.

Economic issues are the major cause of the awarefdbe importance of maintenance
process, thus, the development of strengtheningintgues. Traditional strengthening
techniques have shown their limits in long-term debr (e.g., corrosion of steel), as the
profitability of a strengthening technique is cdmatied by the durability of strengthening
material. Research in the field of strengthening baen oriented towards the use of new
materials capable to satisfy various criteria regplifor the strengthening process. One of
these materials is FRP composites were restriciedbhg time to military applications and
the aviation industry, then, used in the field ofviC Engineering. Several reasons
allowed composite materials to be only restricted lbng time to military applications and
the aviation industry. Among these reasons is tigistrial development of the composites
through the last three decades and the crisis gassdhe aviation industry since the
early 90’s [Rochdi 2004] which result in reducingcps of the composites. In addition, the
field of civil engineering requires too much laboiThe cost of laborin developed
countries has become high enough so the pricewf materials no longer plays the role
of "key economic criteria". This implies that thege of the composite is no longer causes
a disability, especially for applications in repaird reinforcement [Hamelin 1998]. As shown
in Figure 1.2.2, applications of FRP compositesivil engineering for about 25 years has
become widespread throughout the international conmyy groups industrial and research
laboratories.
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Figure 1.2.2: Evolution of world production of composites & effe on price [Rochdi 2004].

1.2.2 STRUCTURAL REPARATION METHODS OF RC BEAMS

1.2.2.1 Reparation by bolted steel attachments

Reparation by bolted steel attachments consisédtathing steel plates or other steel shapes
to the tension face of the RC beam as shown inr€ig@.3. Prefabricated channels are an
effective substitute when rolled sections of theuieed size are not available. For beams with
inadequate in shear strength, combinations of s&sl— on the sides of beam — and channels
bolted to the concrete beam may be added to impsbear capacity as shown in Figure
1.2.3b. Advantages of this method are that rollednmels are available in a variety of sizes
and require little additional preparation priorattachment. From other side, bolting may be
an expensive and time-consuming method. Moreovdestructive work is required as holes

have to be drilled through the old concrete.

fbo": ‘ o O o O o O o O o O o O‘
/ externa
| bolt pstirrups steel I
chann
Vi 0% steel channel | |, j—'—i
" IRl IRl IRl IRl IRl IRl
(a) Flexural strengthening (b) Shear strengthening

Figure 1.2.3: Reparation of RC beams using bolted steel attacteme

1.2.2.2 Reparation by concrete projection
Another method of increasing flexural capacity df Reams is to adjacently project new
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amounts of concrete to the old section. The new pantains the required amount of

longitudinal steel reinforcements. Stirrups shoalsb be added to provide additional shear
reinforcement and to support the new longitudiedlars as shown in Figure 1.2.4. The major
difficulty of this technique is that it requires slictive works on the existing concrete

elements to produce holes and to rough concrefacguwhich is needed to ensure the bond
between the new and existing concrete. In addiiiolgads to a remarkable increase in the
cross section of the concrete elements which mfagtahe architecture shape.

() |

old section

2

weld

Ll new stirrups

T new steel reinforcement—— |

% (d) T%

new casted

concrete
T

drilling in

projected _{]:
drilling in concrete |} the slab
the beam 1

| —newsteel reinforcemK’f

Figure 1.2.4: Reparation of RC beams by concrete projection.

1.2.2.3 Reparation by post-tensioning

Since the 1950s, post-tensioning has been appbke@é &trengthening method in many
configurations to almost all common bridge typaegsBessed tendons can be used to increase
both shear and the flexural strengths of RC beamngrestressing process allows applying
certain stress intensities in defined directionthaconcrete element. Tendons can be used for
various types of concrete structures (e.g., suchriages, buildings, tanks) and with many
configurations according to the position of thedims; internal or external. External post-
tensioning is characterized by low friction losstehsion force in the tendons. For shear
strengthening, the prestressed tendons are addeddrtical or inclined orientation and may
be placed either within the beam web or outsidewtbb as shown in the Figure 1.2.5a. The
longitudinal tendon configuration shown in Figure.8b, which is used for flexural
strengthening, has been applied with the objedheontrolling the longitudinal axial stresses
in bridge members and consequently undesirabléadisments could be reduced or reversed.
Various tendon configurations could be considesté@ight, bent and curved. The axial force,

shear force and bending moment effects due to tpastening have enough versatility in
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application so as to meet a wide variety of stieeging requirements. Probably this
strengthening technique can reverse the undesibablavior in an existing bridge rather than
provide a simple patching effect. For both thessoas, post-tensioning has become a very
commonly technique in repair and strengthening Gfductures. The principal disadvantage
of using post-tensioning as a strengthening teclaiq that it increases the allowable stress
range by the magnitude of the applied post-tensgsiress. If maximum advantage is taken
of the increased allowable stress range, the famtaafety against ultimate load will be
reduced. Thus, the ultimate load capacity will marease at the same rate as the allowable-
stress capacity. Also, at the location of anchasagyel brackets where tendons are attached to
the bridge structure, there are high local stresscentrations that require special design
considerations. In addition, all these attachmesqsiire corrosion protection because they are

generally in locations that can be subjected tovsdr runoff or salt spray.

outside the web inside the web

Prestressed tendon

Prestress
L~ stirrups

(a) Shear strengthening (b) Flexural strengthening
Figure 1.2.5: Reparation of RC beams by post-tensioning addition

1.2.2.4 Reparation by bonding steel plates

The flexural and shear strengths of RC beams casigoéicantly increased using externally
bonded steel plates to their tension face usingri@io adhesive material such as epoxy (see
Figure 1.2.6). This technique has been used togthen deficient RC structures since the
1960s [Chen & Teng 2001]. Steel plates requiredsfaar strengthening may be bonded in
vertical or inclined direction. The major disadweges of this technique are the corrosion of
the steel, increase in weight of the repaired elgrapd installation.

bonded steel plates for
shear strengthening

/ adhesive layel

bonded steel plate for
flexural strengthening

Figure 1.2.6: Reparation of RC beams using bonded steel plates.
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[.2.3 STRENGTHENING BY MEANS OF FRP BONDED LAMINATE S
1.2.3.1 General Aspects
Recently, fiber-reinforced polymer FRP laminatevehancreasingly been used to replace

steel plates due to their superior properties.ng§treening of RC elements by externally
bonded Fiber Reinforced Plastic FRP materials & @nthe most widely adopted solutions
for retrofitting existing structures. Most applicats are related to shear and flexural
reinforcement as bonded steel plates. Nationalraedhational code provisions for the design
of elements strengthened with FRP Externally Bon&e&inforcements (EBR) are being
issued worldwide [e.g., AClI Committee 440.2R; Fibll&tin 14]. FRP laminates may be used
in different lengths, schemes and multiple layERP strengthening can be applied to any RC
structural element (such as: beams, columns, stitegr walls ...etc) and all types of RC
structures (such as: typical concrete structumedgés, parking ...etc).

Many types of FRP composites were produced and taethe purpose of externally
bonded strengthening techniques of RC elementsasiclarbon (CFRP), glass (GFRP)...etc.
This may gain a wide variety in material propertigdrength and modulus) used in
strengthening. The FRP plates may be stressedstreseed. In addition, their ends can be
anchored using bolts or FRP U-wrapped bonded laesna the transverse direction. Various
schemes for FRP strengthened RC girders are pessanFigures 2.5 & 2.6 for flexural and

shear design respectively.

bolts
[adhesive layer m

ra adhesive layer

A Y\ iSS _ T A
FRP bonded laminatgs steel plate FRP bonded laminate steel plafé
(a) Non-anchorage FRP end laminates (b) Anchorage FRP end laminates using bolts

U wrapped FRP laminates

[adhesive layer m
A

65 adhesive Iaye FRP bonded laminate$

(c) Anchorage FRP end laminates using U wrappedhktes
Figure 1.2.7: Reparation of RC beams using bonded FRP compaattes: flexural design.
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U wrapping

(a) Side bonding / Taminates

l gl
““N“ W | IR

(c) Full wrapping (d) U wrapping with anchorage

Figure 1.2.8: Reparation of RC beams using bonded FRP compuaties for shear design.

A large number of projects have been carried ouletmonstrate the use of this composite
in the rehabilitation of reinforced and prestressmuhcrete structures. These advanced
materials may be applied to the existing structtmascrease any or several of the following
properties [Balaguret al 2009]:

» Axial, flexural, or shear load capacities.

* Ductility for improved seismic performance.

* Improved durability against adverse environmentigiots.

* Increased fatigue life.

» Stiffness for reduced deflections under servicedagign loads.

Composites have been used by the space and asrazspamunities for over six decades
and the use of composites by the civil engineecoigmunity spans about three decades. In
the composite system, the strength and the ste#faes primarily derived from raw fibers and
the matrix that binds the fibers together to formmposites. Composites are known for their
high specific strength, high stiffness and corrogiesistance. Repair and retrofit are still the
predominant areas where FRPs are used in the angineering community. The field is
relatively young and, therefore, there is considierangoing research in this area. The wide
range of strengthening using bonded FRP laminatéset surface of the concrete elements as
be seen as an advantage and opportunity for thevikdgeable designer to tailor the

strengthening scheme to the need of the partistiacture.

1.2.3.2 History of FRP materials in civil engineenng

FRP composites are the latest version of the viehydea of making better composite material
by combining two different materials which can baced back to the use of straw as
reinforcement in bricks used by ancient civilizasqe.g. Egyptians in 800). The development
of FRP reinforcement can be found in the expandedofl composites after World War 1I: the
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automotive industry first introduced composites early 1950s and since then many
components of today’s vehicles are being made wiposites. The aerospace industry began
to use FRP composites as lightweight material \&attbeptable strength and stiffness which
reduce the weight of aircraft structures such asqure vessels and containers. Today’s
modern jets use large components made out of catepags they are less susceptible to
fatigue than traditional metals. Others industtikes naval, defense and sporting goods have
used advanced composite materials on a widespraas: bpultrusion offered a fast an
economical method of forming constants profile pamd pultruded composites were being
used to make golf clubs and fishing poles. Althquije civil engineering was not the first
domain in using composites materials, but the FREngthening techniques have been
widely used in recent years in civil infrastructiseich as columns, beams, or slabs since their
first application in the 1960s [Diagaraal 2003].

1.2.3.3 Raw materials of FRP composites

FRP composites comprise fibers of high strengthapdlymer matrix that binds these fibers
to form a composite structural component as showhigure 1.2.9. Fibers are organized in
parallel direction through the resin. Fiber corssist several filaments with diameters ranging
from 5 to 2um. These filaments are generally of carbon or ghdssh provides strength and
stiffness, in a matrix (resin) such as polyestarylester or epoxy which provides the transfer
of stresses and strains between the fibers. Thieses fare indefinitely long. Both raw fibers
and resin are produced under high temperaturasdumstrialized processes that require highly

specialized equipment and control.

Figure 1.2.9: Components of composite.

1.2.3.3.1Types of fibers

As mentioned previously, the role of fiber in FR&mposite is to resist the applied load
acting on the composite system. Fiber volume foactanges between 20-70% and depends
on the matrix type and fiber configuration [Vardgieur 1996]. The properties of the

resulting composite present considerable variatidine most known typical types of fiber
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reinforcements used in composite industry are glem®on, and aramid. Table 1.2.1 presents

the mechanical properties of these types.

Table 1.2.1: Properties of common fiber types used in civiliaegring [Varastehpour 1996;
Bank 2006].

Density Tensile  Modulus of Elongation Maximum

Type of fiber (g/cnt)  strength elasticity  at rupture temperature
(MPa) (GPa) (%) of use {C)
Glass: C-glass 2.6 3310 69 4.8
D-glass 2.1 2410 52 4.6 770
E-glass 25 3400 75 4.8 550
R-glass 25 4400 80 5.5 650
S-glass 25 4800 84 5.4 650
Carbon: SM 1.70 3700 250 1.2 2500
IM 1.80 4800 250 1.4
HS 1.90 3000 500 0.5 2000
UHM 2.10 2400 800 0.2
Aramid: Kevlar 29 HR 1.44 3620 83 4 400
Kevlar 49 HR 1.44 3620 131 2.8 425
Kevlar 149 UR 1.47 3470 186 2

HR: high resistance. UR: Ultrahigh resistance. Standard modulus. IM: Intermediate modulus. HS:hHig
strength. UHM: Ultra-high modulus.

Glass fiber:

Glass fiber is the most common of all reinforcifgefs used in composites. Diameter of glass
fiber filaments ranges in between 5 andu24. The two most common types of glass fibers
used in the fiber-reinforced polymers industry atectrical glass (E-glass) and structural
glass (S-glass). Other less common types includenal glass (C-glass) and alkali-resistant
glass (AR-glass). The most economical and widegdueinforcement in polymer matrix
composites is E-glass as it offers good strengbipgrties at a very low cost. It accounts for
more than 90% of all glass fiber reinforcementgl&ss has the highest tensile strength
among all the glass fibers and was originally depetl for missile casings and aircraft
components. Cost of S-glass is considerably highan E-glass. C-glass is utilized in
corrosive environments where chemical stabilitydesired. It provides greater corrosion
resistance to acids than E-glass. Its primary gse surface coatings of laminates used in
chemical and water pipes and tanks. Specificalletigped for use in concrete, AR-glass is
used in applications requiring greater chemicaistasce to alkaline chemicals, such as in
cement substrates and concrete [Balagtiial 2009].

Carbon fiber:

Carbon fibers are used in structural engineeringliegtions today in FRP strengthening

sheets and fabrics, in FRP strengthening stripsrai@RP prestressing tendons. Carbon fiber
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is a solid semi-crystalline organic material andpreduced in grades known as standard
modulus, intermediate modulus, high strength andalugh modulus (SM, IM, HS, and
UHM). Carbon fibers have diameters ranges betweeand 10pum. Due to their two
dimensional atomic structure, carbon fibers aresiiared to be transversely isotropic and
have different properties in the longitudinal difes of the atomic array than in the
transverse direction. The longitudinal axis of fiteer is parallel to the graphitic planes and
gives the fiber its high longitudinal modulus amicsgth.

Aramid fiber:

Third, aramid fiber are synthetic organic polymexefs and generally known as “Kevlar”.
Kevlar was commercially introduced in 1972 (by DoPm USA) and is currently available
in three different types [Varastehpour 1996]:

* Kevlar 49 has high tensile strength and modulus @ndntended for use as

reinforcement in composites.

» Kevlar 29 has about the same tensile strengthoblytabout two-thirds the modulus

of Kevlar 49. This type is primarily used in a \&yi of industrial applications.

» Kevlar 149 has the extreme modulus value.

The specific modulus in Table 1.2.1 is simply thedulus of the material divided by the
material density and is a measure of the stiffredsa material per unit weight. Kevlar has
been extremely successful in a variety of appleegiincluding premium tire cords, marine
cordage, military body armor, oxygen bottles, hpyessure rocket casings, propeller blades
and in engine cowlings and wheel pants of aircnafiich are subjected to damage from
flying gravel [Balaguriet al2009]. To compare between the different fibergesyrable 1.2.2
presents the relative cost of different fiber typath respect to glass fiber of type Glass-E. In
addition, an overall comparison evolves advantages disadvantages of glass, carbon and
aramid fibers are presented in Table 1.2.3

Other fibers that are now in the development pHaseuse in FRP products for
structural engineering include thermoplastic ulighh molecular-weight (UHMW)
polyethylene fibers and polyvinyl alcohol (PVA) éis. PVA fibers have been used in FRP
bars and FRP strengthening sheets in Japan. UHM& $bers are being used in the
development of ductile fiber-reinforced cements @BRbut have not yet been used in FRP
products for structural engineering. Inorganic ha$iders, produced in Russia and the
Ukraine, may be seen as future applications of pRIducts in structural engineering, due to
their superior corrosion resistance and similar maaal properties to glass fibers. Natural

fibers such as hemp, sisal and flax, as well asboanfibers, have been used in experimental
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applications to produce FRP composites, but no certial FRP products are available that
contain these fibers at this time. It is anticiplateat FRP products in structural engineering
that will be developed in the first half of the twe-first century will probably use more of
these natural fibers as sustainability and recyidaibecome more important drivers in the

construction industry.

Table 1.2.2: Relative cost of certain fiber with respect tosgkE [Varastehpour 1996]

Type of fiber Relative cost
Glass-E 1

Glass-C 2

Glass-D 15

Glass-Ror S 4

Kevlar 29 8

Kevlar 49 12

Carbon, high resistance 13

Carbon, high modulus 60

Table 1.2.3: Advantages and disadvantages common fiber typeisilrengineering domain.

fiber advantages disadvantages
glass + Optimum mechanical properties-to-cost ratie  Low tensile modulus
e High tensile strength »  Sensitivity to abrasion while handling,
e Chemical resistance » Relatively low fatigue resistance. Brittleness.
e High temperature resistance. * Sensitive to moisture especially in the
presence of salts and alkalinity.
[Varastehpour 1996]
carbon °* Verydurable in hot & moist environments. « Carbon fibers thermally and electrically
« Perform well under fatigue and impact loads. conductive with respect to other types.
« Very low coefficient of thermal expansion in  Care must be taken when they are used in
the longitudinal direction. contact with metallic materials, as a galvanic
e Have good Chemical properties in the corrosion cell can develop due to the electro-
ambient temperature. potential mismatch between the carbon fiber
e« Behavior of carbon fiber under high and most metallic materials. Some studies
temperature is conditioned by matrix type, as have suggested that this can lead to
no matrix can resist this temperature, thus degradation of the polymer resin.
carbon matrix is developed for this reason
[Varastehpour 1996]
aramid * Have the lowest specific gravity. 43% and Low compressive strength.

20% lighter than glass and carbon fibefs
respectively. .
Have the highest tensile strength-to-weight
ratio.

High strength.

Offer good resistance to abrasion and impact,
chemical and thermal degradation.
[Balaguruet al 2009]

Degrade when exposed to ultraviolet light.
Considerable difficulty in machining and
cutting. So, ultrasonic tools are needed to cut
materials containing or composed of aramid
fibers

1.2.3.3.2 Types of matrix

The matrix plays a major role in the composite tagfluences the inter-laminar shear

between fibers. Furthermore, the ability to mantufieecthe composite and the defects within

it depends strongly on the matrix’s physical anertial characteristics [Balaguet al 2009].
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Generally, There are two types of matrix; orgamd aorganic. Organic matrices - known as
resins or polymers - are the most widespread us#alyt Polymers can be classified into two
types according to the effect of heat on their progs. The first type is the thermoplastics
which soften with heating and eventually melt, lesidg again with cooling. This process of
crossing the softening or melting point can be agpd as often as desired without any
noticeable effect on the material properties imegitstate. Typical thermoplastics include
nylon, polypropylene, polycarbonate, and polyetttéier ketone (PEEK). The second type is
the thermosets which are formed from a chemicalti@a when the resin and hardener (or
catalyst) are mixed and then undergo a nonreversithemical reaction to form a hard,
infusible product. In some thermosets, such as glemesins, volatile by-products are
produced. Other thermosetting resins, such as si@lyand epoxy, cure by mechanisms that
do not produce any volatile by-products and, ttawe, much easier to process. Once cured,
thermosets will not become liquid again if heat@though above a certain temperature their
mechanical properties will change significantly.eTinost common resins used in the field of
civil engineering are epoxy resins. In some casdgepter or vinyl resins can be used. A brief

description of each resin is presented in the fahg sections [Balagurat al 2009].
Polyester resins:

Polyester resins are the most economical and wids&d resin, especially in the marine
industry. Nearly half a million tons of this matdriare used annually in U.S in composite
applications. Polyester resins can be formulateobtain a wide range of properties ranging
from soft and ductile to hard and brittle. At amitieemperature the resin is usually solid. A
solvent must be added to Polyesters to reducadst®sity and to facilitate the impregnation
of the fibers. Their advantages include low visgggdow cost and fast cure time. The most
significant disadvantage of polyesters is theirhhigplumetric shrinkage. In addition, the

chemical resistance and mechanical propertieseoptiiyester are not as good as epoxy.
Vinylester resins:

Vinylester resins are more flexible and have highacture toughness than cured polyester
resins. The handling and performance charactesistic/inylester are similar to polyesters.
Some advantages of the Vinylester, which may justifeir higher cost, include better
chemical and corrosion resistance, hydrolytic $itghband better physical properties, such as
tensile strength as well as impact and fatiguestasce. It has been shown that a 0.5 to 1.5
mm thick layer of a Vinylester resin matrix can yide an excellent permeation barrier to

resist blistering in marine laminates.
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Epoxy resin:

Epoxy resins are a broad family of materials thrawjgle better performance as compared to
other organic resins. Aerospace applications usgyeqesins almost exclusively, except when
high temperature performance is a key factor. Thgimum working temperature of Epoxies
is depends on the type but is typically below €0 However epoxy resins with higher
working temperatures are available. Usually theeen® limits on the minimum temperature.
The high cost of epoxies, long cure time, and hagddifficulties are the principal
Disadvantages. Table 1.2.4 concludes the advantageéslisadvantages of the most widely
used organic resins in civil engineering appliaagio polyester, vinylester, and epoxy
[Balaguruet al 2009]. In addition, the principal mechanical pndigs of these resins are
given in Table 1.2.5 [Marouani 2007].

Table 1.2.4: Advantages and disadvantages of resin types nsadil engineering.

Resin type Advantages Disadvantages

Polyesters « Easy to use Only moderate mechanical properties
» Lowest cost of resins available High styrene emissions in open molds
High cure shrinkage
Limited range of working times
Vinylester < Very high chemical/ environmental resistance Post-cure generally required for high
» Higher mechanical properties than polyesters properties
» High mechanical and thermal properties High styrene content
Higher cost than polyesters
High cure shrinkage
Epoxies » High water resistance More expensive than Vinylester
e Long warning times available e Corrosive handling
» Temperature resistance up to 140°C wet /220°Cedr\Critical mixing
» Low cure shrinkage

Table 1.2.5: Mechanical properties of resins (organic type).

Resin type Density Modulus of Tensile strength Rupture Temperature
(g/cn?) elasticity (GPa) (MPa) elongation %  resistance’C)

Polyesters 1.2 2.9-3.1 50-60 2-3 120
Vinylesters 1.1 3.4-35 70-85 2-5 100-140
Epoxies 1.1-1.4 3 50-120 3-8 50-200

[.2.3.4 Common terms of fabrics

Fabric is defined as an assembly process of Idegdito produce a flat sheet of one or more
layers of fibers, these layers are held togethemi®chanical interlocking of the fibers
themselves or with secondary material to bind thilers together. Fabric types are
categorized by the orientation of the fibers usmtj by the various construction methods
used to hold the fibers together. The weight ofyafdbric is usually represented by its area
density. Each fabric has its own pattern, oftetedahe construction, and is &ny coordinate

system (see Figure 1.2.10). Some of the yarnsmuhae direction of the rollyfaxis or 0°) and
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are continuous for the entire length of the role$e are the warp yarns and are usually called
“ends”. They-axis is the long axis of the roll and is typicaB®—150 m. The short yarns,
which run crosswise to the roll directiordxis or 90°), are called thdilt” or “weft” yarns
(also known as picks). Therefore, thdirection is the roll width and is usually 1-3 Fabric
countrefers to the number of warp and fill yarns perminkt is important to note that warp
yarns are counted in the fill direction, while f&rns are counted in the warp direction. Two
other important terms are drape and bias. Drageséb the ability of a fabric to conform to a

contoured surface, and bias represents the angfe afarp and weft threads, usually 90°.

/‘ psn (Plain weave shown for example)
- l1as

RN =
3 % 45M
[
0°w eft/fill/pick V = SRS
0° +0 )

0=9

Figure 1.2.10: Fabric orientation.

Unidirectional fabrics: A fabric made with a weave pattern designed fangjth in only one
direction is termed unidirectional. The pick cowfta unidirectional fabric is very small and
most of the yarns run in the warp direction. Punédimectional construction implies no
structural reinforcement in the fill direction, ladtugh enough warp fibers are included in the
weave to ensure ease of handling. Unidirectionaiida are commonly manufactured in tape
form or narrow rolls (less than a few inches wide).

Weave The weave describes how the warp and fill yarna fiabric are interlaced. Weave
determines the ability to drape and the isotropgtoéngth (some weaves are biased to the
warp or fill direction). Figure 1.2.11 presents thmst popular weaves: plain, twill, basket

weave, harness satin, and crowfoot satin [Balagtieh2009].
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Hybrid fabrics: The term hybrid refers to a fabric that has moentbne type of structural
fiber in its construction. In a multi-layer lamieatif the properties of more than one type of
fiber were required, then it would be possible tovie this with two fabrics, each ply
containing the fiber type needed. However, if lowight or extremely thin laminates are
required, a hybrid fabric will allow the two fibets be incorporated in just one layer of fabric
instead of two. Hybrids are most commonly foun®/@0° woven fabrics. The most common
hybrid combinations are as follows:

» Carbon/aramid: The high impact resistance and kegisile strength of the aramid
fiber combines with the high compressive and tensitengths of carbon. Both fibers
have low density but relatively high cost.

» Aramid/glass: The low density, high impact resistand tensile strength of aramid
fiber combines with the good compressive and terdilength of glass, coupled with
its lower cost.

» Carbon/glass: Carbon fiber contributes high tenaild high compressive strengths,
high stiffness, and reduces the density, whileggtaduces the cost.

Multi-axial fabrics: Multi-axial fabrics, also known as non-woven, naimped, stitched or
knitted have optimized strength properties becaigbe fiber architecture. Stitched fabrics
consist of several layers of unidirectional fibarndles held together by a nonstructural
stitching thread, usually polyester. The fiberseach layer can be oriented along any
combination of axes between 0 and 90°. Multiplemtations of fiber layers provide a quasi-
isotropic reinforcement. The entire fabric may bade of a single material, or different
materials can be used in each layer. A layer ainsis mat may also be incorporated into the
construction. A schematic drawing of a typical tedt biaxial fabric is shown in Figure
1.2.12a.
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(a) Knitted Biaxial (b) Woven Roving
"y, Ay L

Figure 1.2.12: (a) Knitted biaxial fabric (b) Woven roving [Babalgj et aI 2009]

Conventional woven fabrics are made by weavingréibie two perpendicular directions
(warp and fill). However, weaving bends the fibemsgducing the maximum strength and
stiffness that can be achieved. Stitched fabricshearelatively expensive compared to woven
fabrics. For over half a century, the stitched ii@bhave been traditionally used in boat hulls.
Other applications include wind turbine bladeshtigoles, trucks, buses and underground
storage tanks. Currently, these fabrics are uséddge decks and column repair projects.
Woven roving: Woven roving reinforcement consists of flatteneddias of continuous
strands in a plain weave pattern with slightly maraterial in the warp direction. To form the
material, roving is woven into a coarse, squaric&type, open weave as shown in Figure
1.2.12b. Woven roving provides great tensile amddral strengths and a fast laminate build-
up at a reasonable cost. Woven roving is morecdiffito wet-out than chopped strand mat
however, and because of the coarse weave, it isusetl where surface appearance is
important. When more than one layer is requireldyar of chopped strand mat is often used

between each layer of roving to fill the coarse veea
1.2.3.5 Fabrication/installation method of FRP compsites

It is well known that fiber and matrix type largehfluence the overall mechanical properties
of a composite. However, the final properties afoaposite produced from these materials
are also a function of the way in which the materae prepared and processed. Two main
manufacturing methods are used to produce FRP csitepmaterial products for the use in

structural engineering. The First method is an matied industrialized process, developed in
the early 1950s, and called pultrusion method. FR® products are produced in a factory
and shipped to the construction site for fabricatod installation or erection. The pultrusion

process is used to manufacture FRP reinforcing, BeiR$ strengthening strips, and FRP
profiles. The pultrusion process is the most costjeetitive method for producing high-

quality FRP parts for use in structural engineeriligs used to generate long lengths of
material with high unidirectional strengths. Figl/213 shows a photograph of typical FRP

pultruded parts used in structural engineering.
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Rovings Guide

Clontimious
fiber material

Figure 1.2.13: Pultrusion line for FRP production [Balagwgtial 2009].

A pultruded part has structural shapes with opealased cross-section such as a plates,
wide-flange, hollow tube...etc. The cross sectioesdnot require having a constant thickness
throughout. Although there is great flexibility tine shape, thickness variation, and size of the
part cross section, the cross section must renaaistant along its length. In addition, the part
must be straight and cannot be cured into a custiage. A pultruded part can be produced to
any desired length. Modifications to the pultrusmocess have been developed for varied
cross sections or for producing curved parts.

To produce FRP pultruded element, dry fibers impat¢gd with a low-viscosity liquid
thermosetting polymer resin are guided into a ftealwome-plated steel die, where they are
cured to form the desired FRP cross section. ThE iKRcured as the material is pulled
through the die by a pulling apparatus. The entrancthe die is typically cooled to prevent
premature curing of the resin system. After exiting die and extending past the pullers, the
part is cut to length by a diamond blade cutoff .sdWwe length of the heated steel die is
typically from 500 to 1000 mm. The die is often teekin two or three separate regions along
its length to different temperatures from 90 to °@B0n order to develop the best curing
conditions for the type of resin system used inghg. More detail about pultrusion process
can be found in [Bank 2006].

The second method is a manual method, which isrgipé&nown as hand layup, wet
layup or laminating. It is the original method ugegroduce FRP composites and dates back
to the development of FRP materials in the 19400%e method is extremely flexible and can
be used over a wide range of sizes and shapes.aliso used to make a variety of FRP
products; laminates or panels of FRP compositeshofbh, the method is simple, a
significant degree of skill and good quality cohtece required to produce a high-quality FRP
part. The FRP product is manufactured at the coctsbn site. Fabric is cut to the appropriate
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size and is placed on a mold layer by layer, régimg applied to each layer by pouring,
brushing/rolling or spraying, prior to placementtbé next layer. Entrapped air is removed
from the fibrous assembly and resin impregnationthef reinforcement is achieved through
the manual application of pressure using rollersis Tnethod has become commonplace
throughout the composites industry for a numbeeagons:

* Easy to teach and have been used widely for maangye

* Very economical since large expensive equipmenbisieeded.

* A wide variety of fibers and resins are compatiwith this method.

However, this method can lend itself to a hostrabpems, especially if air voids remain
within the composite. These air voids can evemnyudkm cracks, which can propagate
throughout the composite. This will result in a detling failure in which the bond between
FRP layers breaks down, allowing the compositertate separate. Not only will this lead to
a significant reduction in strength, but it wilkal allow adverse environmental conditions to
penetrate and attack the surface of the FRP lagdten to reduce air voids in the manually
fabricated FRP composites, a vacuum bag is use@pfdy further pressure on the
impregnated assembly leading to a higher levelbfi€ compaction with lower void content.
A wide range of thermosets can be used in thisge®ainder both ambient and heated
conditions with impregnation being more uniform aasier when the resin viscosity is low.
Volume fractions achievable are based on the lesebmpaction achieved with levels just
reaching 35% without the use of a vacuum bag ant &5% being obtained with a vacuum
bag under specific conditions. Other noteworthyadi@ntages include the following
[Balaguruet al 2009]:

* Resin mixing, laminate resin content and overatifate quality are strongly

dependent upon the skills of the laborers.

* Hand lay-up is a very slow and labor-intensive pasc

» Health and safety risks may be posed when handéisigs. Since the fabric must be

impregnated by hand, the resins have a low visgtsifacilitate easier wet-out of the
fabric. Unfortunately, the lower viscosity of thesms also means that they are more
like to penetrate clothing and harm the skin. Irdigoin, lower viscosity resins
generally have lower mechanical and thermal progeert

» Greater variability from part to part and even witlthe same part in the produced

FRP composites.

The process is widely used to fabricate jacketggwrdirectly onto columns for the
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purpose of seismic retrofit/strengthening and fecement of fabric strips onto concrete as a

mode of external strengthening (see Figure 1.2.14).

Figure 1.2.14: Use of wet Iaup for installation of a fiber-redn€ed polymer.

FRP laminates, pultruded or wet layup, are bondeithé structural elements chemically

through adhesives. Chemical bonding is the mostipged because:
* It does not induce stress concentrations,
* It does not damage neither the base material motdmposite
» Easier than mechanical devices to be installed.

The most suitable adhesive for composite mateisathe epoxy resin based adhesives.
The adhesive is made of a two component mix. Thacipal component is constituted of
organic liquids containing epoxy groups, rings cosgd of an oxygen atom and two carbon
atoms. A reagent is added to the above mix to obtze final compound. The adhesive
adhere to the materials to be bonded through oukirhg and the formation of chemical
bonds. The preparation of the surfaces to be boptiad a key role for the effectiveness of
the adhesive. Treatment of the surfaces is aimetiatee a clean surface, free of any
contaminant like: oxides, powders, oils, fat andstuse. The surface is then generally treated
chemically to achieve stronger chemical bonds dnéys mechanically to obtain a rough
surface for interlocking. Cleaning is performedngssolvents and abrasion through sand blast
is used for preparation of a rough surface. Théasarof pre-impregnated laminates is often
ready for the application of the adhesive and ptete by a tape to be removed right before
the application.

Porous surfaces require a priming coat, which rbastompatible with the adhesive. The

method of applying the adhesive depends on thetatal configuration. Generally hand
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methods are used, though machines have been deddimpwrapping columns. For plates, a
layer of adhesive is usually applied to the plakt@levfabrics are usually pre-impregnated. The
materials are then applied to the prepared concgeticient pressure is applied with rollers
to ensure a uniform adhesive layer and to expel emtyapped air. For complex surface
geometries where preformed plates cannot confoanuwm-assisted resin infusion can be
used to form the composite in-situ, the fibers @pplied to the structure dry, The area is

sealed with a rubber sheet and vacuum used toidrthe resin.
1.2.3.6 Mechanical properties of FRP composites

To design a structure with an FRP composite, attral engineer must have knowledge of
the physical, and especially, the mechanical pteggeof the FRP material being used in the
design. There are two ways to determine the prigseof an FRP composite for use in design.
The first is via theoretical calculations, and #exond is via experimental measurements.
Since an FRP composite is an inhomogeneous matiércan be characterized theoretically
and experimentally on a number of different levédss FRP composite material can be
characterized on one of four levels: (1) the fileel, (2) the lamina level, (3) the laminate
level, and (4) the full-section level [Bank 200&{s strengthening of RC beams using
externally bonded FRP laminates requires FRP laesgnaf unidirectional type, therefore,
fiber level is detailed below, and there is no naetbcus on the last three levels (the lamina
level, the laminate level, and the full-sectionyr Ehis fiber-level analysis, a micro-mechanic
model can be used. The model is based on the rohextures, and used to:

* Relate mass or weight fractions of the constituemtieir volume fractions.

» Estimates the modulus and strength of unidirectioomposites.

* Approximate the longitudinal strength and longinali modulus of a fiber sheet
material by ignoring the mechanical contribution thie matrix material in the
longitudinal direction.

In the micromechanics model, the final propertieERP composites depend on the basic
properties of each constituent (fiber and matiQure 1.2.15 gives a typical presentation of
the stress strain diagram of FRP composite amtiitsary components: fiber and matrix. The
physical and mechanical properties of the fiber aratrix constituents need to be known.
They are usually obtained by experimental methdti® matrix and fibers are assumed as
isotropic and linear elastic materials. The resistaof fibers cannot be specified as a single
value. Experimentally, a wide dispersion is recdrde the strength of fiber as shown in
Figure 1.2.16. It was proven that the dispersiomestilts for a given fiber length is about 10-
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20%. In addition, the average fiber strength desgdagradually as its length increases. The
variability can be attributed to a number of fasteuch as material and specimen preparation,
gripping, system alignment, testing temperaturél eontent, testing environment and rate of

loading [Rochdi 2004].

Figure 1.2.15: Stress-strainote) relations for different components of FRP comf@osi
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Figure 1.2.16: Examples of the dispersion of fiber strength[Rochdi 2004].

The unidirectional composite ply has two preferrdatections as shown in Figure
1.2.17: the longitudinal directiorL] and transverse directiom)( Unidirectional ply of a
planar FRP composite material contains all of iisers aligned in one direction.
In a unidirectional composite material, fibers arest often distributed in certain randomness
rather than following a regular arrangement. Experital tests of the matrix material results
in: modulus En) , Poisson’s ratiow,), shear modulusG3,,) and volume fraction\{;). While

for fibers results in: modulugf), Poisson’s ratiow), shear modulus3;) and volume fraction
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(Vy). Thus, the four independent engineering charasties of an orthotropic (or transversely,
isotropic) unidirectional FRP composit&s,( Ey, Es, vi) can be estimated at a first
approximation by the following rule-of-mixtures edions:

Ex =ViEf +VEn (1.2.2)
1 Vi v
_:_f+_m (1.2.2)
Ey Et En
1 _Vs v
—=—+"0 (1.2.3)
Es Gt Gn
Vg =V§Vs +VVm (1.2.4)
VyEx =VxEy (1.2.5)

where E, is the longitudinal modulus in the fiber directjoB, the transverse modulus
perpendicular to the fiber directioks the in-plane shear modulus, the longitudinal (or
major) Poisson ratio, ang the transverse (or minor) Poisson ratipcan be related td, as:
Vi=1-Vn.

Finally, the longitudinal tensile strength of a dinéctional compositeg., which is
dominated by the properties of the fiber, can beneded at a first approximation by (see also
Figure 1.2.12):

Ocu =01 Vg t01(d-Vi) (1.2.6)

T (2)

Figure 1.2.17: Unidirectional composit(;[()llil.

The overall behavior of the FRP composite givenBoyation 1.2.6 can be determined
experimentally. Many standards organizations ardhedvorld publish standard test methods
for FRP composite materials; among these is therf&are Society for Testing and Materials
[ASTM 2006]. ASTM (2006) is the most widely usedidgline to determine the in-plane
tensile properties of FRP composite. The tensiepsas were mounted in self-aligning grips
mechanical testing machine and continuously loadddnsion. Various failure modes were
observed to take place. The American Society fatimg and Materials devised a standard

failure code system as shown in Figure 1.2.18. duth these failure codes cover most tensile
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failures, not all failure modes will conform to geestandard representations. The failure code
for a particular specimen consists of three separatiegories or characters, each denoted by a
letter value. The first character represents theiraaor type of failure, while the second
characterizes the failure area. The third charatittinguishes the failure location. Table 1.2.6

presents a summary of the characters and theiedetiescription..

NN
N

NN

ﬂﬁ 2 2 j 2 N -
PN I P | 2 P
LIT GAT LAT DGM LGM SGM AGM XGM
Figure 1.2.18: Example of FRP failure codes.

Table 1.2.6: Failure codes for tensile specimens [ASTM 2006]

First character Second character Third character
failure type code failure area code failure locatio code
Angled A Inside grip/tab I Bottom B
Edge delamination D At grip/tab A Top T
Grip/tab G <1 W from grip/tab W Left L
Lateral L Gage G Right R
Multi-mode M(xyz) Multiple areas M Middle M
long Splitting S Various V Various \%
eXplosive X Unknown U Unknown U
Other ©)

1.2.3.7 Advantages and disadvantages of FRP of strgthening technique.

All structural problems have more than one technsmdution. Structural engineers could
differentiate between strengthening techniques rdoog to economical and structural
evaluations such as cost, required service lifaghteof the elements after strengthening,
deformations...... etc. Two major comparisons could dene when comparing FRP
strengthening of RC structures with other techmsquéne first is to compare strengthening
using bonded attachments plates (steel or FRP caiteppwith non-bonded techniques that
require addition of bolted steel attachments cdecgpeojection or post-tensioning which are
previously discussed. Non-bonded techniques requiot destructive works on the existing
concrete elements to produce holes for anchorsabadto produce a rough concrete surface

to ensure bond between the new which will be casmjdcently to the existing concrete
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element. Also, these techniques increase remarkiiglyown weight of the strengthened

elements and its cross section may affect the texthre shape. From other side, non-bonded

strengthening methods do not allow to use the streduring strengthening period while all

these disadvantages does not exist for in FRPraatbgroonded strengthening methods that

concern concrete elements.

Secondly, the most recent technique that is notémwomwhen comparing FRP

strengthening technique with other techniques esuse of external bonded steel plates. The

emergence of FRPs in the civil engineering industag been driven by their numerous

advantages over steel and can be concluded as/ffflloncrete Society 2004; Taljsten 2002;
FIB 2001; ACI Committee 440],

Steel plates require maintenance painting — testresirrosion - and may incur traffic
disruption. In contrast, FRPs do not suffer fronnrasion, thus composite plates will
not require such maintenance, reducing the whfdecst of this system.

The high strength and stiffness to weight ratioERPs mean that a smaller weight of
FRP needs to be applied as compared to steel Ipbaiging. Thus, composite plates
may be less than 10% of the weight of steel otdrae ultimate strength.

This low weight reduces transportation costs, $icgmtly eases installation, even in
tight spaces, and can eliminate the need for ddaifp as it may be installed from
mobile platforms, reducing traffic impact. The laveight also means that FRPs add
only a small amount to the structure’s dead lodus &llows more of the strengthening
to be useful to the structure and also makes FRRpar option when significant
additional weight could cause failure.

FRPs are typically applied in thin strips, resgtin very little change in the structural
profile, an important feature on bridges or othenctures that require clearances for
vehicles or machinery.

The way that FRPs are manufactured also providefsilusroperties. By designing the
placement of the reinforcing fibers, propertiestsas strength and modulus can be
controlled in different directions. This allows tlsrengthening to act only in the
needed direction, preventing it from changing ttrecsural behavior in unintended
ways. Because they are made from long thin fibers.

FRPs are very easy to handle. They can be madeato avound curves and to accept
the irregularities in concrete surfaces.

FRPs can be manufactured in long lengths, eliimgatie need for splices, and can be

71



l.2: Strengthening of RC beams using FRP composites

cut to length on site, eliminating sizing errorghie manufacturing stage.

» Composite plates are a low conductor of heat wibempared with steel, thus reducing
the effect fire has on the underlying adhesives| #us the FRPs system remains
effective for a much longer period than steel pkaaading.

» Composite plates do not require extensive jackimg support systems to move and
hold in place. The adhesives alone will supportdlae until curing has taken place.

In contrast, fixing of steel plates constitutesgmigicant proportion of the works costs.

In contrast FRPs have numerous disadvantages. rdctidnal FRP materials are
characterized by linear elastic behavior; this ladkyielding can result in less ductile
structures. FRP materials are very susceptibleatbage from impact or vandalism, and as
such need to be protected. FRPs susceptibilitygio temperatures and fire has hindered their
use for enclosed structures, which is why the nitgjaf their use to date has occurred in
bridges and other outdoor applications. Though F&Psot exhibit corrosion, they are not
immune to environmental impacts and do suffer déagran due to moisture, temperature,
and UV rays. This disadvantage is of particular ontgnce because there is currently little
long-term information on the durability of compesitin exposed environments. The initially
high material cost of FRPs is also a drawback tayrengineers, however, due to the cost
advantages in transportation, installation andltmg lifespan offered by composites. The
cost of a whole strengthening project can be coaiparor even less than the same project
strengthened with steel plates.

|.2.4 BEAMS STRENGTHENED BY FRP LAMINATES
1.2.4.1 Flexural behavior and design of FRP strenggened beam

The role of the composite in retrofitted beam mikr to that of ordinary steel reinforcement.
The composite enhances both the stiffness andgsireri the beam. Methods of analysis for
ordinary RC can be easily generalized to includ® EBmposite laminates. Accordingly, the
gain in the structural capacity of the strengthelneam is generally significant. Figure 1.2.19
shows the theoretical typical load—deflection cereé RC girder and FRP strengthened RC
girders using externally bonded technique. Accaydim the figure, the ultimate load of the
RC beam is approximately equals to the yield loalier. While for FRP strengthened RC
beam the ultimate load is much higher than thedyiehd. This can explained by the gained
hardening effect due to the boned FRP laminatess Mardening, and consequently the

ultimate load, increases as the thickrtessof the bended FRP laminate increases.

72



l.2: Strengthening of RC beams using FRP composites

i Load
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control

terp : is theFRP thickness

trrps >t rrRp4”tFRP3 > FRP2TFRPL

Deflection_
Figure 1.2.19: Load versus deflection curves of control and FRéhgthened RC beams.

According to the typical load—deflection curve, sgpted by solid line in Figure 1.2.20, of
FRP strengthened RC beam may be divided into thage parts [Varastehpour 1996; Ferrier
1999; Balagurwet al2009]:

* The first part ends with cracking load at point (@hich refers to the maximum
moment of uncracked concrete section. At this stagerete strains in the tension part
range between 0.0002-0.0003. The concrete sectigoiat (2) acts as a cracked
section. Points (1 & 2) approximately give the sdoe. The horizontal distance is
due to the reduction in the stiffness as the RQimeds transformed to the cracked
case.

» The second part lies between points (2) and (35 part can be considered as linear
segment. The tensile steel rebars at point (3judiseyielded.

* The third part lies between points (3) and (4) inick the later point represents the
ultimate load or the failure load.
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B (=)

Deflection_
Figure 1.2.20: Typical load - deflection curve for FRP strengtb@m®C beam.

The ultimate load of non-strengthened RC beam aslyequal to the yielding load and
the curve after yielding is almost horizontal lexed no significant increase in capacity can be
observed. The ultimate load of the strengthenednbisamuch higher than the yielding load.
This increase can be explained by the effect ofpmmsite material which starts to effectively
maintain the stiffness after yielding of steel femements [Schilde & Seim 2007]. The
typical load—deflection curves for FRP strengtheR€lbeam shown in Figure 1.2.19 is based
mainly on the assumption that there is a full bantion between concrete and FRP laminates
and that the beam will fail by concrete crushindgrBP rupture.

However, researchers have observed that the rpatita is limited by modes of failure
not observed in ordinary RC beams. These failurelesoare often brittle, involving
delamination of the FRP, debonding of concrete ctawer and shear collapse. Failure can
occur at loads significantly lower than the theioadt strength of the retrofitted system.
Specific failure criteria are therefore required fhe analysis of these systems. Load
deflection, presented by dashed line in Figur€02shows the effect of such these modes of
the load-deflection of FRP strengthened RC bearhs. clurve is characterized by a sudden
drop in stress after delamination of FRP plateofe#d by a residual strength equals to the
strength of non strengthened beam. The curve as\alkd for debonding of FRP composites
and concrete cover separation as the stiffnes&Bf éomposites is lost after FRP debonding.

ACI Committee 440 reported that strengthening of Bf&ams using externally bonded
FRP laminates increases the resistance by 10-1608&@n other part, the ductility and
serviceability requirements may be reduced by 5-40B& ultimate flexural capacity of FRP

strengthened RC member can be calculated basedsomptions similar to those made for
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concrete members reinforced with steel bars. Miestign international codes [e.g., ACI
440.2R-02; Fib Bulletin 14; Concrete Society 20@4kume that the planes section before
loading remains plane after loading. Nonlinearssirgtrain €-¢) constitutive relations can be
considered for concrete (see Figure 1.2.21a). Towcrete tensile strength can be totally
neglected. Steel reinforcements present an elgmiéect plastic behavior, while FRP
composite is assumed to be linear elastic untilfaias shown respectively in Figures 1.2.21b
&1.2.21c.

Errpu €

(a) Concrete (b) reinforcement steel (c) FRP composites

ol

Figure 1.2.21: Strain-strain4-¢) curve for material used in FRP strengthened R@\bee.

In addition, the concept of concrete block shown Figure 1.2.22 remains under
consideration. Internal forces in concrete, congogssteel, tensile steel, and FRP plate can

be expressed as given in Equations 1.2.7-1.2. 10es/ely.

Fe = [befe(ec)dx (1.2.7)
Fe = Agfs (1.2.8)

Fsc = Ascfsc (1.2.9)
FERF = brRrtrRF fRRF (1.2.10)

and the governing internal stability equation is

Fc+Fsc=Fs+Frrp (1.2.112)
whereAs andAs. corresponds to the area of tensile and compresse@h rebars respectively.
fc is the concrete stress which corresponds to aretnstrain £;) at distancex) measured
from the extreme compression stress applied t@dherete as shown in Figure 1.2.22and
fsc are the tensile and compression stresses in r&leals respectively and can be taken as
follow:

(1.2.12)

‘= fy foreg>ey
® |Egsfores<ey

where, Es, fy, and g, are the elastic modulus, yield stress and yietdirstof steel rebars

75



l.2: Strengthening of RC beams using FRP composites

respectivelyferp is the stress in composite laminates and is tekeal to

fErP = (€FRP ~ €FRP,exist) EFRP (1.2.13)
where,Ergrp is the modulus of FRP compositesse is the strain in FRP composites according
to the strain diagram shown in Figure 1.2.22 aa@ «istiS the existing substrate FRP strain
and taken equal to the maximum tensile strain —tdugermanent loads — of RC section;
before applying FRP strengthening. Based on beaory the ultimate bending momeMm)
of FRP strengthening RC section can be evaluatas@iog to Equation 1.2.14.

My =[bcfc(€c)(c— Ydx+ Agfs(dg =€) + Ascfo(C —dso) + brrAFrRPFFRAAFRP ~ Coomp (1-2.14)
The evaluation of Equation 1.2.14 depends on thkirea mode which may take place;

concrete crushing, FRP rupture, FRP debonding. Metail will be given in the following

sections.
N ¢
. gc,max AN
dsc p . . Asc T ix Esc (et j FSC
— F
‘I""mp w0 fe)
ds - B N B N
SN he /
/
/
/
As e © o o o gs% |
T — l'[ —— Fs
Wi Errp FRP
hih:R—PH
(a) FRP strengthened RC section  (b) Strain diagram (c) Internal forces diagram

Figure 1.2.22: Strain distribution of FRP strengthened RC flekumamber.

1.2.4.2 Failure modes of flexural strengthened RC &am by FRP laminates

In the last two decades, the behavior of FRP sthemgd RC beams has been well studied in
a significant numbers of experimental and numermablications. Different failure modes
have been observed, which can be classified intotypes according to the location of the
occurrence along the beam. First, modes occur sitigos of maximum moments. Such
modes are concrete crushing, FRP mid span debofdiirggto flexural cracking or flexural-
shear cracking) and FRP rupture. Second, failurdesm@ccur at plate-ends. Such modes are
interfacial shear stress induced FRP end-debondony;rete cover separation and FRP end-
debonding based shear crack). Figure 1.2.23 presgogitions and types of these failure
modes which can possibly take place [Esfahaatiael 2007; Oehlersaet el 2003]. The

following subsections give detailed explanationsuleach failure mode.
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Shear | Shear and bending | Bending

Shear crack concrete crush

Flexural crack
debonding

A FRP rupture

End debonding Shoar crack TRF plate
over. debonding
separation

Figure 1.2.23: Possible failure modes of FRP strengthened RC helar four point
bending.

1.2.4.2.1 Concrete crushing

Concrete crushing failure mode is the principduf@ mode in RC structures and takes place

before or after yielding of steel reinforcementbeTultimate moment is calculated when the

maximum applied concrete compressive straihd) equals to the ultimate concrete strain

(ecu)- Concrete crushing failure mode is considerebreige failure mode (see Figure 1.2.24).
1o , %

R T 2
T ey P 1

Figure 1.2.24: Concrete crushing of FRP strengthened RC bearalisfa et el 2007].

1.2.4.2.2 FRP rupture

FRP rupture failure mode is related to the longitat applied strain in FRP composites
(errp). Since the concrete strain may not reach itsnaltie strain value before the FRP strain
reaches its ultimate valuergp ) causing a cut in the FRP plate as shown in Fig2r@5.
Two possible behaviors may take place. The firsfibgr rupture followed directly by
concrete crushing, as the concrete strain is nedoked to concrete crushing strain. In this
case no residual strength remains after FRP ruptwlethe load-deflection curve is the same
as in concrete crushing (see Figure 1.2.19). Tloerskis FRP rupture followed by a vertical
drop in the beam strength and the residual streegials to the strength of non-strengthened

beam as shown in Figure 1.2.20.
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FRP rupture failure mode may frequently occur io tases. First, FRP rupture occurs as
RC beam is strengthened with small amounts of FRRnates. Second, the RC beam is
strengthened with anchorage end FRP laminates asgygtem of bolts as shown in Figure
1.2.7Db.

Central support

Figure 1.2.25: Tensile rupture of the FRP plate bonded to RC bi@eshouret al 2004].

1.2.4.2.3 FRP intermediate crack debonding

It is well known that reinforced concrete elemdmbfiave under small amounts of loads as an
elastic element. Concrete and steel around thealeaxis affect significantly the stiffness of
the beam. Increasing the loads initiate micro csankconcrete subjected to tension, while the
overall performance of the RC element is still ecdesed elastic. Thus, the concrete section
should be analyzed as cracked section and conorétasion zones can be totally neglected.
The induced cracks are to be approximately unifgreplaced in the longitudinal direction of
the beam. Adhesive near cracked zones is subjéxtacconcentration of interfacial stresses
due to the discontinuity — induced by cracks —afarete elements near the adhesive layer.
Generally, it takes place after initiation and @gation of micro flexural or flexural/shear
cracks along the RC beam. While the loads contiouiacrease on the beam, these cracks
tend to induce high interfacial stresses at thgucmtion zone between the adhesive layer and
the tips of the cracks, thus, resulting in inibatiand propagation of slip along the interface as
shown in Figure 1.2.26. Slips may occur at concegtkesive or FRP-adhesive interface. The
slip begins to propagate towards the nearest plateof the FRP plate as shown in Figure
1.2.26 & 1.2.27. Then, the beam is transformed iatmon-strengthened beam leading to a
vertical drop in the strength giving a load-deflestcurve similar to that shown in Figure
1.2.20.
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&Load &Load

Flexural crac

High stress High stress
zone zone

debonding propagation debonding propagation

A FRP plate A FRP plate
(a) Intermediate crack debonding (b) Diagonal crack debonding
Figure 1.2.26: Flexural and flexural/shear crack debonding, [Eafaaet al 2007].

=

Figure 1.2.27: FRP strengthened RC beam, FRP intermediate cetudndling [Ferrie 1999].

Experimentally, FRP debonding due to intermediatgcking is the most frequently
failure mode that affects passively the capacitf¥RP strengthened RC beams, so there is a
need to understand the nature of the debondingréadiue to the interfacial shear stresses
induced near cracks. Debonding failure may occtunrae planes; at contact surface between
the soffit FRP plate and the adhesive layer, withemadhesive layer or at the contact surface
between adhesive layer and concrete beam. FigiiZ8Ishows the free body diagram of a
longitudinal segment with lengtliX) of the FRP strengthened RC beam, wiMgg N and
Vix present the bending moment, normal force and sfieforce respectively at a distance
measured from the end of FRP plate. There are yestof interfacial stresses [Smith &
Teng 2001; Tounsi & Benyoucef 2007]: normal strgs$ in the vertical direction and shear
stressz(x) in horizontal direction. Classical beam theorysféo predict the values of these
stresses. In other hand, the finite elements methadlculations waste. Particularly, several
relatively simplified approximated closed form daus for the interfacial stresses have been
developed [e.g., Smith & Teng 2001; Tounsi & Benyau2007; Taljsten 1977]. Generally,

these models aims to calculate the interfacial rsikgd and normal stresses(x) induced

79



l.2: Strengthening of RC beams using FRP composites

between concrete, adhesive, and FRP composite pisiteg the following governing

differential equations,

_~ [du(xy), dv(xy)
r(x)—Ga( e J (1.2.15)
o00=2 [v(x) - (¥ (12.16)

a

whereG,, E,, t; are the shear modulus, elastic modulus and theskoéthe adhesive layer.

u(x,y)andv(x,y)are the horizontal and vertical displacementseeygely at any point in the

adhesive layer. Adherents 1 and 2 in Figure 1.222Bress concrete and FRP elements
respectively. The analytical approach is based lastie behavior of the concrete, FRP
composites, adhesive layer and steel reinforcemiemérfacial stresses are considered
invariant across the width and the thickness ofatlieesive layer. Deformations of adherents
1 and 2 are due to bending and axial actions. hoislallowed at the interface of the bond
(i.e. there is a perfect bond at the adhesive-e&tacnterface and at the adhesive-plate
interface). Solution of Equation 1.2.15 & 1.2.16sudts in the interfacial shear and normal

stresses as:

7(x)=AcostAx) + Bsinh{Ax) + m\f () (1.2.17)

dr(x)
dx

whereq is the uniform load applied to the concrete beagntents if existy(x) is the total

a(x)=e~[Ccog(Bx)+ Dsin(Bx)] -

—N5,(Q (1.2.18)

applied shearing force acting at the distange njeasured from the end of FRP plate,

1 = Gabee Vit Y)Yy +y,+t) 1 1 m, = G [ %ty
t, E.l, +E,l, EA EA) toA° (B +Eyl,)]
E
n, = y1E2|2+y2E1I1 , N, = E2|2 ' '3:4 abFRP 1 + 1 , and bggrpis the
E1Il + EZI 2 bFRP(ElI 1 + E2I 2) 4ta Elll EZI 2

width of the soffit plateE;, A, andl; are the elastic modulus, cross-sectional area and second
moment of area of adherent (iiel, 2).y; andy, are the distances from the bottom adherent
1 and the top of adherent 2 to their respective centfi@®, C, andD are the integration
constants which will be found by applying certain boundary iti@md depending on the

loading and supporting system.
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Figure 1.2.28: Differential segment of FRP strengthened RC beam.

Other similar closed form approaches to calculdie interfacial stresses and their
distribution across the longitudinal direction bétbeam due to intermediate flexural crack or
flexural shear crack were derived by Wang J. [2QI&8]. The two studies assume a linear
elastic behavior for concrete and FRP plate. Sepvben concrete and the FRP plate is
considered through a bilinear relationship for rfsteial shear stress-slip model of the
adhesive layer.

From a practical point of view, all interfacial ets analysis developed to predict

debonding failure mode has two main disadvantages:

» Many differential calculations are required.

* The analysis is based on the elastic behavior d® BRengthened RC beam, and

nonlinearity in concrete is completely neglected.

Similar analytical models were developed in manligations to simplify the calculation
for FRP debonding failure mode. It was assumedtti@behavior of the FRP plate bonded to
the concrete beam between two cracks is similaheéodebonding behavior of FRP plate
bonded to a concrete prism. Length of the congesen is equal to half the distance between
the two flexural cracks as shown in Figure 1.2 PBe tension force induced in FRP plate due
to external loadingRrrp,) applied on the FRP strengthened RC beam is sietltay tension
force applied directly to the FRP plate bondedh® ¢oncrete prism. Such these analytical
models are callednalysis of bonded joints'his bonded joint contains a continuity of one
element and discontinuity of the other one; i.etre plate end the concrete element is
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continuous and the composite plate is discontinuatndle the elements between cracks the
composite plate is continuous and the cracked eteads discontinuous. Performance of
bonded joint was studied analytically and experitaiyn in many previous studies. Table
1.2.7 summarizes the analytical models developedaiculate the ultimate strain that if
applied to FRP plate causes debondirge(y [Schilde & Seim 2007; Chen & Teng 2001; Lu
et al 2005; Sharmat al 2006; Maalej & Bian 2001; Akt al2008; Yacet al 2005; Yuaret al
2004]. These modes will be compared in chapter blaked on experimental results, in order

to find the most accurate one which will be usedha reliability analysis, in terms of

b b

/ﬂexural crack

~Lend™ ~Lerac \

robustness.

A =/ — A
\ FRP plat \
end bonded joint intermediate bonded joint
adhesive layer adhesive layer
Lend - — Lcrack 12— /
~
= Rpp, IR

Figure 1.2.29: Location of bonded joints in cracked FRP streagdd RC beam.
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Table 1.2.7: Debonding strainefrp 9 Of FRP plate bonded to concrete prism, bondedt,joi
reported in previous studies and design provis{@hsinits)

Neubauer & Rostasy (1997) model, applied in Fid&in 14 (method 1)

f 1 if L>L, ST
c = 064k, |—ctm _} | L) . where ky =.|1125° —FRP %
FRPd 8 F—— - [2 L—e] if L<L, b 1+ bgp /400
L = |EFrplerp
€ ZfCtm

Chen & Teng (2001) model:

ErrPd = ABubi Lbrrp " FE ——— whereq=0.427 for bonded joint=1.1 for beams|_, = Errelerp.
V FRPEFRp

v f¢
5o 2= bFRP Tbg LzLe
w = 1+bFRP/b Sln( if L<Le
Tenget al (2004) model:

f brr brrp
EFRP,d = 054kb—Ct, where kb =\/( 225- )/(125"‘
VEFRPLFRP be b

C
Taljsten (1994) model:

2G 019
‘EFRP.d =\/ f , Where Gf = 064‘(f ) ,aT =m
(L+a7)Errptrrp Eche
Lu et al (2005) model:

2G;

£FRPd = Bw :
' ErrAFrRP

2-bprp/b i
whereg,, = £ YFRP'¥c ,]2:\/(8
f

2G;
, Tt =158, fe, 8¢ =—1 | 5, = 001953, o
1+berp /by ~So) EFrptrrP Tt e
L [ L ] :
—| 2-— if L=L
Sf — e
a=—arcsin 099 (51 7%) , Le=a+i|n—/11+/]2tan@2a), B = Lell Le
Ao St 1 A -Axtan(za) sinLy it L<l
2L, ©
Yuanet al (2004) model:

EFRP d =t Pl —=tanh[A; (L —a)]cos@,a) +sin(A,a)
" AoterpErrp [ A

where A, = i 1, Peee Ay = di 1, Pree
So EFRPtFRP h:EChc (st =So)

Errplere  BcEche

L —a+i| A + A5 tan(),a)

158, f Cr & 030882 001958, f
) =1L l Sf =— ) = S, = 0. y
Ay A -y tan(h,a) f wicts of It f W 0 w'ct

fer
_ 1 . (st —%o) . . A . .
If L>L. a= /]—arc5| 097 e elsea is found by solvingtantj/; (L —a)] = Ttadlza) iteratively
2 f 1

Sharmeet al (2006) model:
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,Crl
£FRPg = (Lb,Cl’it /tFRp)EFRP FRP FRP
TeKerit Bu_ it L/top = Ly gt /tepp
Errp

L crit/t pp = 0.0089x° — 0439%” +7.8645x

025 ¢ 0125
X_EFRPfFRP B, = 2-bppp /b K. = 77vacrit/tFRP
© 405 025 'PW TAlq14p_ /p. ot =P B
taplc FRP ' “c w

ACI Committee 440:

1 (1_ EFRPtFRPj for Epnptprp 180000

‘EFRP - & - 60¢ FRP, 360000
d K nc¢FRPuU » WhEI’G(m = \r
FRPr FRPtFRP

Fib 2001, method 2:

v fefer

, Wherec;=0.23 for CFRP.
ErrAFRP

€FrRPd = O

Fib 2001, strain limiting method:
0.0065 for concentredoads

£ =
FRPd {0.0085 for distributd loads

JSCE 2001:

2G
EFRP 4= el S , whereG¢ =0.5N/mm in absence of test values.
’ ErrptFrP

Concrete Society 2004 TR 55:

Errp g = 05K _fa , whereky, = 106 - Prre /1, PrrP o4
' ErrptrrP be 400

Concrete Society 2004 TR 55, strain limiting:
0.006 for concentredoads

&£ =
FRP.d {0.008 for distributd loads

CNR DT 200:
ko fot fe
Errpd = 048 bV ete wherek;, = 1.06\/2—%3/1+bFRP >1
FRALFRP be 400

L is the available bond length of the FRP laminatkh equals td..f2 andLeyg for an intermediate and end
concrete prism respectively (see Figure 1.2.29)s the effective length of the bonded FRP lamisdtgis the
concrete compressive strength.s the tensile strength of the concrdtg, is the mean tensile strength of the
concreteb. andh. is the width and the depth of the concrete prisaf respectivelyG; is interfacial fracture
energy.berp andtrrp are the width and the thickness of FRP laminagspectively Eqgp is the modulus of the
FRP laminateszegp,,is the rupture strain of the FRP laminates whicheds)toferp /Errp frrp.uisS the ultimate
strength of the FRP laminates.

D

The derivations of the models presented in Tal2& lwere based on the assumption that
both concrete prism and FRP plate behave as efaaterials until failure. Failure may occur
in the adhesive layer or in a small depth in theccete element. Interfacial shear stress—slip
relation through the adhesive layer may be diffefeom model to model and may take

different shapes such as linear elastic relatibrfdilure, bi-linear relation or bi-parabolic
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relation. Various bond-slip models used in anahftigrevious studies are shown in Figure
1.2.30. The area under the bond-slip curve istterfiacial fracture energg:. Once the value
of Gt is known it can be used regardless of the exaqgbesloh the bond-slip curve as the
ultimate loadPrrp, depends on the interfacial fracture energy butarothe shape of the
bond-slip curve. However, experimental resultscatk that the bilinear curve which features
a linear ascending branch followed by a linear dedimg branch provides a close
approximation [Yuaret al 2004].

Some factors in the models reported in Table Id€ based on regression analysis of
experimental data beside the analytical derivatbrthe models. The main objective of
studying the bonded joint is to obtain the ultimbtad carried by the cross-section of FRP
plate Prrpw Thus, FRP ultimate debonding strapp g can be calculated by dividin@erp
by the plate are@:rp and FRP modulu&rrp. The minimum value between the ultimate
debonding straiarrp 4— based on bonded joint concept - and the FRRimigtrainesrp r —
discussed in the previous section - will be assutoede the control straipegp,, In FRP
plates bonded to concrete beam as expressed iti&@gua.14. Failure in the composite FRP
plate is assumed to take place when the appli@insin the FRP platerrp exceeds the
control value.

&
EFRP,u = min{gii:d (1.2.19)
I

™~
— / ~
gl o
1%} | ~
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Figure 1.2.30: Bonding-slip curves from existing bond-slip modgfsianet al 2004].

1.2.4.2.4 Plate end debonding due to interfacialestr stress

Plate end region is subjected to interfacial segsoncentration. The concentration of the
interfacial shear stresses tends to form a faitundéace between concrete and the adhesive
layer, FRP plate and adhesive layer or in the adbdayer itself. Generally, the analytical

models used to calculate the interfacial sheasstr®at the end of composite plate are based
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on Equations 15 & 16. Concrete and FRP composit@assumed to have an elastic behavior.
Adhesive layer is assumed to show a linear nortness-strain relation. However, a certain
shear stress—slip relation through the adhesiver lanay be assumed as; linear elastic relation
till failure, bi-linear relation, bi-parabolic rdlan...etc. Debonding failure of this form is
initiated near the end of the FRP plate and prajeag@mwards the middle of the beam (see
Figure 1.2.31). This failure is only likely to oacwhen the pate is significantly narrower than
the beam section (as otherwise failure tends taroog concrete cover separation) [Teng &
Chen 2007].

Figure 1.2.31: FRP-plated RC beam; FRP end interfacial debonfdiagg & Chen 2007].

Figure 1.2.32 presents a typical plot of the irderdl stresses across the longitudinal
direction of the FRP plate [Smith & Teng 2001].elfiaicial stresses distributions can be
determined by substitution the boundary and loadiogditions of the plated beam into
Equations 1.2.15 & 1.2.16. Thus, the constantsudet in the Equations 1.2.17 & 1.2.18 can
be obtained. Based on the results obtained by S&niteng (2001), it can be concluded that;
the bending and axial deformations in the beam thed FRP plate respectively are the
dominant actions determining the interfacial steessncluding the peak values occurring at
the plate end. Interfacial normal stress is seahémge sign at a short distance from the plate

end.

86



l.2: Strengthening of RC beams using FRP composites

T T T T T
| | | |
| | | i | = Shear stress
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250N~ e e Ao et B Normal stress;
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|
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Distance from the plate end x (mm)

Figure 1.2.32: Typical interfacial stress distributions at plated [Smith & Teng 2001].

However, there is a difficulty to apply such thetesed-form derivations to a practical
case, as the model was derived to simply boundaay@ad conditions. In recent publication,
simplified formulas were developed to calculateititerfacial stresses — shear and normal - at
the plate end. Zirabet al (1994) proposed formulas to calculate the peadfiatial shear and
normal at the plate end according to the follonaggations,

Y 5/4
T =0y fo| =20 (1.2.20)
fe
g= 0’2CR2T (1.2.21)
where,
12
K M, | berpt
e Co=|1+ s J o | Perelerp (dFRP -, FRP)
{ ErrpDerptrrp Vo } e, FrPDa "~
K 1/4
* Cro =tegp —nJ
4Ecrpl Frp
e K._= Eaba
S
ta
G,b
. Kn = ta a

o1 and a, are empirical multipliers calibrated from numelicgtudies for RC beams
strengthened platek,, G,, bs, andt, are the modulus of elasticity, shear modulus, kvatid
thickness of the adhesive layer respectivelyrrp is the distance from the compression face

to the neutral axis of the plated section trans@atto concretdegrp is the second moment of
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area of the FRP plate onlgrp is the distance from the compression face to oghof the
plate. Iy rrp IS the second moment of area of the cracked plagetion. Mohr-Coulomb
failure criterion is used to define the criticaless state at the plate end:

rT+otang<C (1.2.22)
where,C and gare the coefficient of cohesion and the anglentdrnal friction respectively.
a1 =35, a,=1.1 andg=28 fora/h<3 whereh is the depth of the beam,s the distance for the
plate end to the nearest support. The value ofadkéicientC ranges between 4.8 to 9.5 MPa,
(C=7.15 MPa as an average). Finally, substitutio&euations 1.2.13 & 1.2.14 into Equation
1.2.22 gives an expression for the shearing foncthé beam, at the plate end, to cause plate
end interfacial debonding:

fe ¢ >V, (1.2.23)
Cry | a1 foi(1+ a,Cgo tang)

Vdb,end =

where,V, is the applied shearing force on the RC beameaplidite end.

Varastehpour (1996) also developed a model to lzdkuhe interfacial stresses. The
model is based on Mohr-Coulomb failure criterionegi in Equation 1.2.22C and ¢ are
calibrated based on laboratory shear test sampégsfdiled by debonding. Average values
were suggestedc=5.4 MPa andp=33°. the shear stress and normal stress required irr-Moh

Coulomb equation are expressed as:

r=05/B(AV,)%? (1.2.24)
0=Cpol (1.2.25)
The shearing force in the beam, at the plate erwhtise debonding, can then be determined
as:
160203,
1 ,6’1/3

thend = 2V, (1.2.26)
where,
1 = \FRPEFRP (d
Itrc,FRPEc
126x10°B

FRP ™ Xtrc,FRP)

T L07
h= trrrEFRF
54

1+Cpr, tan33’
where,B is the shear span of the beam. The above desdmmediodels can be used when

Tmax =

the adhesive is not strong enough, as the norntakhear interfacial stresses induce a crack
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within the adhesive layer. The crack is initiatédhee end of the plate and propagates toward
the second end of the plate as shown in Figurgd3a2.

Another type of failure criterion is associatedpédted end where debonding can take
place when the adhesive is strong enough. Failerers at the concrete-adhesive interface or
in few millimeters through the concrete cover atmsed to the plate (see Figure 1.2.33Db).
Tumialanet al (1999) evaluate the maximum principle stress astion of three stresses
values: the peak interfacial shear str@sSlx-o, the peak interfacial normal stregg)[«-o and

the applied tensile stress in the concrete indhgitudinal directiory; at the end of the plate:

7(X)|x=0 =CRL EFRPvo (1.2.27)
EC
(X)| x=0 = CroT(x=0) (1.2.28)
— I\/IO
o) = I—(hc ~ Xtrc,FRP) (1.2.29)
trc,FRP
where,
1/2
= K Mg | berpt
 Cr1= 1"‘( E j 0 | EREFRP (dFRP - Xtrc,c)
ErrPbrrRPtFRP) Vo | lirc,cPa

+ Cgzis taken the same as in Ziradtaal (1994) model’s given in page 87.

where,M, is the applied bending moment at the end of thgepHere .. andlq.care the
distance from the compression face to the natwialand the second moment of area of the
uncracked section transformed to concrete. Theewalis assumed as the concrete segment
near the plate end has approximately no bendingenbend the segment is uncracked. The
authors assumed that failure takes place when thenmum principal stress/{) exceeds the

tensile strength of the concrefg)( o, is calculated according to the following equation:

g +0'(X)| x=0 + g _U(X)| x=0 2+T(X)2‘ <f (| 2 30)
1 2 2 x=0| o o

Equation 1.2.30 is used to calculate the maximumashg force causes delamination
between concrete and adhesig eng The present authors adopted a trial and errareghure
evolving iterating on a load until Equation I.2.80satisfied. Finally, the maximum shearing

force that must be applied is taken equal to themum of Vb endOr Vel end

89



l.2: Strengthening of RC beams using FRP composites

Load

AAAAAA concrete 1

crackinthe adheswe failurein adhesw
adhesive layer _— “concrete 7
FRP plat FRP pla

(a) weak adhesive (b) Strong adhesive
Figure 1.2.33: Possible failures at plate end due to interfagti@ss concentration.

Due to the complexity of all the calculation of tierfacial stress and the rare nature of
the interfacial delamination failure at plate emthny design codes [e.g. Fib Bulletin 14 and
Concrete Society TR 55] avoid such these calcuiatiti can be safely dimensioning the plate
near the support by evaluating the position of tacked FRP strengthened RC section along
the longitudinal direction of the beam, thus, tiRPFplate must be extended after this position
to a distancel(,.; rrp greater than the effective bond lendth) (of the soffit plateL. is taken
according to the concept of bonded joint descripeglviously. Different values of. are

reported in Table 1.2.1 for different design codes previous publications.
1.2.4.2.5FRP End-peeling due to shear crack

It is worth mentioning that critical diagonal sheaacks are formed in RC beam as the
applied shearing force reaches the shear capddite deam, thus, a rigid body displacement
across the critical diagonal crack takes place. pgwling of FRP plate bonded to RC beam
rarely takes place but it may occur at the intdisedbetween shear crack and end of FRP
plate bonded to the RC beam. This type of debondirgjrongly related to the rigid body
displacement across the critical diagonal craclsediby the lack of design of shear capacity
of the beam. The formed vertical displacement cadsbonding of plate by very rapid crack
starting from the lower edge of the diagonal cragoint (B) - and propagates towards the
end of the plate - point (C) - as seen in Figu2e3y.
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(b)

shear crack

direction of craci% Nl
prop%ga i0 ’\/
T<;—

C B FRP plate
FRP/debonding

Figure 1.2.34: Shear crack induced plate end peeling off pAlal 2005].

FRP end debonding based shear crack is based dni¢keess of the FRP near the plate
end, as the vertical displacement induces bendngl¢wel action) of the plate. Since the
dowel action is not very significant for thin shegPham & Al-Mahaidi 2004]. Many
analytical models were derived to safely preventhsthis type of failure. The common
feature of these models is that the debondingraistrength is assumed to be related to the
shear strength of the concrete section, while steear reinforcement does not or partially
contribute. Thus, the models assume that debormdagbe totally eliminated by limiting the
applied shearing force at the plate end to thepa®ding shear strengtWeeiend. Table 1.2.8
presents a review of the analytical models repartguevious publications and design codes.
These modes will be compared in chapter 11.1, basedxperimental results, in order to find

the most accurate one which will be used in thabéity analysis, in terms of robustness.
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Table 1.2.8: End peeling (FRP end-debonding) based shear anadels.

Oehlers Model [Oehlers 1992; Oehlers & Moran 1996]
- Eclycfa
0901EgRptrrP
Viys =V = [L4-ds/200dbds(0s )Y, where1.4~dg/2000>1.1
Based on test results, failure creation follows:
Madb,end , Vdb.end
Mab,t Vb, f

M gb, £

<117, andMgpend < M, t + Vab,end < Vb, f

Smith & Teng Model [Smith & Teng 2003]
failure creation follows:

M gb,end +de,end
Mabt Vbt

04

<1 if de,end <06 Zde’f

M db,end
M gp, f

<1 if de,end < 0'6\/db, f

Teng & Yao Model [Teng & Yao 2007]
0488M ;.

Map, f = ( <My
4 flexd axial A w

ths :VC +Vp +E\4eVs,

)1/9
failure creation follows:

2 2
M gbend N Vdbend <1
M db, f Vb, f

where,
_ Ecl trc,c ~ Ecl trc,0 — EFRPtFRP bc

- Asyf y,svds 10

N
w
<

)

flex = axial = £ 4 Oy = 1Eve =
s

Ecltrc,o

ag = Eprp/ Ec, 0y =Jtrrp/ds

= - /2
brrp Sy (a fex Eataw)l

Jansze Model [Jansze1997]
failure creation is related to the critical sheancé that causes debondig end

Vdbend = (Tpes)bds
where,

TpES = 0.18i/3;—5{1+\/%j§10q05fc’ :

mod S

J0=ype)?

S
assumed:B,+B)/2

Bmod = sa . If Bnog>B of the beam then an average value of the modsiiedr span is

Ahmed & van Gemert Model [Ahmed & van Gemert 1999]
failure creation is related to the critical sheancé that causes debondig end

Vab,end = (Tpes +ATpges)bcds
where,

S _
ATPES = TPESdeS SS - frp +6188 lej-
Isberp | FRPDA ods

f
r= (0.1577@/ fo + 17'23?36” oJs j +09 As;/by,sv
C

Blaschkoet al (1998)

Vgbend = [16—ds /100db.ds(12+ 400, ) 018 f-c) V3, where, gy = At EFRF;F;P"FRP/ Es
cYs

92



l.2: Strengthening of RC beams using FRP composites

Tenget almodel [Tenget al 2002f”
. M
Vghend = 1414-dg/200gbds (s ) Y2, where14-dg/2000>1.1, % < 067

u

Sharmeet al (2008)
M u

Vabend =57 (he = Ceomp)COtar
2
Where, cota =, B * ( B ] - 25 M, :
1-2Rc + Ceomp 1-2he + Ceomp R crit (he = Ccomp)2 @-2he +Ceomp)
_ (1277Lf ybege it L/tepe < Locrit /tepp
crit {1277Lb,crit febrrp i L/tepp 2 Lo grit /tepp

Ly critlterr, S€€ Sharmat almodel [Sharmat al2008] in Table 1.2.7

Colotti et al (2006)

Vdbend = Bedv¥i [60““67 -(g+a)? —ZWG}

where,d, = 09dg, a=B/d,, f=(B-a)/dy, ¢=Uy/p;, Uy =min(bpy7y; felcbe /5dsc)

Asvfyy
Sy

by = 05(bgrp +b;) , Ty = 277+ 006( f, —20), @, =

_ A
250 (h. —dg) °

y lC =50+ O.25k1k2ﬂ /pr ,

Pr k:=0.8,k,=0.5, ¢, is the diameter of the longitudinal bar.

lycc iS cracked second moment area of the plated settamsformed to concretg=Adb.d; is tensile stee
ratio. Mgy ena@nd Vg, eng are applied bending moment and shearing forc@eaptate endM, is the unplated
concrete section ultimate momeiy,, is the cracked second moment area of the RC settmsformed tg
concreteV,, V,, and&,.Vs are the contributions of concrete, soffit plate ahdar reinforcement to the beam’s
shear capacity, respectivel is the tension steel reinforcement ardg, s,, f, s are the total cross sectional
area, the longitudinal spacing and vyield stressthef stirrups, respectivelyds is the depth of the steel
reinforcementsSrp andS; are the first moment of area of the FRP platethatiof equivalent steel plate abqut
the neutral axis for the cracked plated transforteedoncrete; the equivalent steel plate is one tiha same
total tensile capacity and width as that of the FiRfee, but with an equivalent thickness assumntiadg the yield
stress is 550 MPdrrp andls are the second moment of area of cracked platatbsdcansformed to concrete
with an FRP plate and an equivalent steel platge@s/ely.b-rp andb, are the widths of the FRP and adhesive
respectivelyb. is the width of RC beanB is the shear span of the beadw. if the bending moment capacity of
strengthened cross secti@g,m,depth of neutral axis at ultimate stage (see Ei¢®.22)
@) Cited in [Smith & Teng 200 © Cited in [Aramet al 2008]

1.2.4.2.6 Concrete cover separation

In the last two sections, the conventional debogdih plate-end and their previously
proposed models were discussed. The significamactexistic of these failure modes are that
there is only a very thin layer of concrete attaclom the debonded FRP strips and the
concrete cover stays essentially intact in thenitigi of the FRP plate. Beside these
conventional failure modes, concrete cover separasi frequently observed in experimental
studies of FRP strengthened RC beams as showngureFi.2.35. In many investigations
[Smith & Teng 2003, it is suggested that failure of concrete coveriritiated by the
formation of a crack at the end of the FRP plate @inigh stress concentration caused by the
abrupt termination of the FRP plate. The crack agapes at the level of the tension

93



I.2: Strengthening of RC beams using FRP composites

reinforcement and then progresses horizontallygatbe level of the steel reinforcement, thus

resulting in the separation of concrete cover.

Figure 1.2.35: FRP-plated RC bem: cover sepaftin falure nideirg & Chen 2007].

In an effort to identify the load capacity of aestgthened RC beam with this failure mode,
many studies have been carried out and many modelks been proposed. In these models,
failure is strongly related to the flexural cragiasing formed in the concrete cover [Smith &
Teng 2002 Gaoet al 2005; Aprile & Feo 2007]. Concrete teeth betwedjagent cracks
form a system which resists to the interfacial sh&teesses induced between plate and
concrete surface as shown in Figure 1.2.36. Thesth toehave as cantilever under the action
of horizontal shear stresses at the base of the.b8hear stresses lead to tensile stresses at
the roots — point (A) - of the teeth that exceealtémsile strength of the concrete, thus failure
occurs at the steel-concrete cover interface. Tdld& presents the existing models
developed to express the concrete cover separéditure mode. These modes will be
compared in chapter 11.1, based on experimentaltsesn order to find the most accurate one

which will be used in the reliability analysis,terms of robustness.

&Load

L = // . T mm stresses across
z N 7 o] el _orrt1]] cracking fevel
~_____- W W

Figure 1.2.36: Concrete cover separation failure mode.
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Table 1.2.9: Concrete cover separation models.

Zirabaet al model [Zirabaet al 1994]
Shear force causes concrete cover separation:

Vabend=Ve * k\g
where,

f
Ve = 01667(y/ f¢ +100p)beds, Vs = AS"TVS"% , k=24€", n=-00810°Cr,Crs,

12 1/4
Co = 1(K_] Mo |berplere (4 0y ) co, t[K_j
ErrpOrretrrRP ) Vo |ltrc,FRPRa ' 4Errpl FrRP

KS = Eaba Kn = Gaba

ty t

Raoof & Zhang Model [Raoof & Zhang 1996; Zhaetepl1995; Raoof & Zhang 1997)
The minimum stress in the soffit platg.n» required to cause flexural cracking and failuréhef cover teeth:

Osmin=Iminkp/tFrp

T = fetLminPe
min
6hberp
Lp is the minLp1,Lpy). Lpp sthéengtiof thesoffiplatéen theheaapsiof thebeamsndicatadfigure.1t
(1min @1= 025l in) for lmin < 72mm | _ Acfet f = 03601 u= o028
I_F’Zl{?’lmin for Imin >72mm’ min u(zobars'l'bFRP)’ o . cu U e

Wang & Ling Model [Wang & Ling 19987
The minimum stress in the soffit platgm,required to cause flexural cracking and failur¢hef cover teeth:

Os min = Tminkp /tFrP

T = fct Lmin Be
min
6hbegrp
Lp is the minLp1,Lpy). Lpp ;thdengtiof thesoffipplaten theheaapsiof thebeamsndicatadfigure.1f
L [lmin 21~ 028Isjn)  for Iip <72mm | _ Aefet ‘= 0367
P23 min for Imin >72mm’ ™" UgY Opars +UprpDERp | «

Ug = 0313\[ fc’ , uFRP:1-96 MPa.

Raoof & Hassanen Model [Raoof & Hassanen 2600]
Model | (upper pound model):
The minimum stress in the soffit platgm,required to cause flexural cracking and failur¢hef cover teeth:

Os miny = Iminulbpu/tFRF

o fctl—minubc
ming —— _—
6hbrrp
Lp,yis the minlpy,Lpzy. Lpg ;thelengthof thesoffit platein theshearspanof thebeamjndicatedin figure 2.15
lin @4—-05l,in)  for | i, < 40mm _ Aefet
Lppyiq mn min min » minu = , fot = 036,/ foy , u=028/f
Pau {‘“min for Ipin >40mm i u(zonars"'bFRP) « « «

Model Il (lower pound model):
The minimum stress in the soffit platgm,required to cause flexural cracking and failur¢hef cover teeth:

Osminl =Tmin|Lp,) /tFRF

Trin] = fctl—min,lbc
minl ——
6hbegp
Lp, is the min(py,Lpy). Lpg ;thelengthof thesoffit platein thesheaispanof thebeamjndicatedin figure 2.15
Imin @16 - 017l,in)  forlyi, < 565mm _ Acfet
Lpois » Imin) = y fot = 0364/ fey
2 i for Imin > 565mm Us>-Ohars + UFRAFRP
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Ug = 028,/ fcu , Urrp=0.8 MPa.

Aprile & Feo model [Aprile & Feo 2007]
The mean crack spacing:

Lemt= Lem/SING

where,

. h. — X n +n
L., =17 2h +02 c trc,!:RP D Cw= P s eff P f,eff . 6= arctan & < 450
025h Pseff W N g0 g eff 1_([// +pJ

f As
- ym = _sv
l/j pSV fcm ’ IOSV Q:SV .

Maximum applied stress at the end of the plateesarip-off the concrete cover:
2
_fenPelemt

O max —

6hbrretrrp

V., V,, andVs are the contributions of concrete, soffit plate ahdar reinforcement to the beam’s shear capacity
respectively.As is the tension steel reinforcement aréa, s, f, s are the total cross sectional area, fthe
longitudinal spacing and yield stress of the stisiurespectivelyM, andV, are applied bending moment apd
shearing force at the plate erl is twice the distance from the centroid of thesten reinforcement to the
base of RC beams multiplied by the width of the B&m. 20, is the total perimeter of the tension
reinforcing bars.h’ is the net area of the height of the concrete rcoweasured from the base of the
reinforcement to the base of the RC bebm.is the stabilized crack spacing in RC bedis the concrete
cube compressive strength; 0.8 lverrp: IS Ccracked second moment area of the platedosettinsformed tg
concretexyc rrp IS the neural axis depth of the plated beam toans#d to concreté, is the total depth of th
concrete sectiordrrpis the distance for the compression face in theeglaeam to the centroid the FRP plate.
@ is the longitudinal steel rebar diametgg.« is the steel reinforcement ratio to the effectarea of the
concrete in tensior}og,eﬂ:AJZbch'). Preir IS the FRP reinforcement ratio to the effectiveaaof the concrete ip
tension pf,eff:bFRptFRPIZbch’). ds is the depth of the steel reinforcememtgp andls are the second moment pf
area of cracked plated section transformed to edecwith an FRP plate and an equivalent steel plate
respectivelybegp is the width of the FRR is the width of RC beanB is the shear span of the beamandny
are the steel and composite homogenization facfpiis.the maximum compression stress of the congrete
section due to bendind,, andf., are the mean yield stress of steel and the cosipeestress of concrete
respectivelyf., is the mean tensile strength of the concrete.
@ Cited in [Smith & Teng 20Gp

11°

1.2.4.3 Shear strength of FRP strengthened RC girde

Since 1990s, tests on a wide variety of shear ginening schemes have been undertaken
with the goal to increase shear capacity of RC IlsedBmear is actually a very complex
problem and is not completely solved for simple B&ams. However, to find a reasonable
method to estimate the contribution of externalbndbed FRP in shear is not an easy task.
Several researchers have published design equatimhsanalytical models to specifically
evaluate FRP shear strengthening of RC beamsl thesle models, the shear strengthf a
FRP-strengthened RC beam is evaluated by assuimatghe contribution of concredé,
internal steel stirrup¥s and the contribution of external FRP strips/sh&g@re additive so

that the design equation can be written as follow:
V =V, +V, +Vegp < 066y b d, (1.2.31)

Steel and concrete contributions were calculatezbrding to the ACI code as given by
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Equations 1.2.32 and 1.2.33.

V, = 017b,dg4/fe (1.2.32)
f..d
V, = Avtnds (1.2.33)
S

where,As,, Ss, andfyy, are area, spacing and yield strength of intedn@hsreinforcements. The
common methods of shear strengthening using FRRPpasites include: side bonding, U-
jacketing and wrapping. Both FRP strips and comtirsusheets along the axis of beam, FRP
strips/sheets may also be oriented at differeniean) as seen in Figure 1.2.37.

Available experimental data indicate that almostb&lams strengthened by wrapping
failed due to FRP rupture (although debonding nlikety occurs first, FRP rupture controls
the shear capacity in this case). Some beams Htesreyl by U-jacketing also failed in this
mode. In contrast, almost all beams strengthenesideybonding only and most strengthened
by U-jacketing failed due to FRP debonding. Theeli@ments of practical and reliable
design equations for the shear strengthening oihiR@bers through FRP are still hindered
by three aspects that still remain not perfectlgarstood. The first aspect regards the shear
resisting mechanism that develops when FRP sthipsts are side bonded to the elements,
rather than U-jacketing or fully wrapped around.eTéecond aspect regards the correct
evaluation of the FRP transverse strengtheningribomion to the total shear capacity. The
third aspect regards the evaluation of the relatwatributions to the shear capacity of
concrete, steel stirrups and FRP at ultimate.

Different assumptions were used on the existingpgsed models to calculate the FRP
contribution. Such these assumptions are:

* Failure may take place due to FRP rupture or deibgnd

FRP composite and the stirrups behave similarly.

» Based on experimental fitting, shear contributibthe FRP is limited by the effective
strain/stress in the composite — a reduction fafciothe effective stress/strain is used
in some models.

» Considering strain limitations due to shear cragerong and loss of aggregate
interlock.

* Analyzing the stress distribution in the FRP altimg shear crack.

» Distribution of forces in FRP strengthened RC béallows the truss model concept.

Table 1.2.6 presents an overview of the existingotktical models to predict the

contribution of FRP strips/sheets shear capacibes& modes will be compared in chapter
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Il.1, based on experimental results, in order nol ihe most accurate one which will be used

in the reliability analysis, in terms of robustness
¢ BEeey
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Figure 1.2.37: Typical wrapping schemes and dimensional variatdeshear strengthening.
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Table 1.2.10: Existing shear capacity models of FRP strength&t@dbeam.

Chaallalet al models [Chaalla¢t al 1998]
h .
Verp = Zz.avg(WFRP FRP,v J (sin B + cosp) d,

2 SFRP
where,

97 . 1/4
Tavg = :tFRP,vl:—n:| =Bty

- ’ k
1+ktan3®® 4Errp | FRP.Y

Triantafillou &Antonopoulos model [Triantafillou &ntonopoulos 2000]

VFRP: EFRF,’EEFRF)OFRF,’\pCdS(Sinﬁ*_CO@ under the constraindg =V, +Vg +Vgrp < 066v,, fibdg
where,

(213 03
QL7 eprpuy| ——— for fully wrappedscheme
ErrpvPFRP,v
(213 056 (213 03
ErRpe = MIN65A0° | —C—— | | Q7epgp uy| —— for sidesandU - jacket
ErrPvPFRP v ErrRPOFRP,Y
(213 048
04&rRrp —c foranchoragevrappedscheme
FRPVPFRP,v

Errr is the modulus in GP&=V.f. . v,=0.74./200>0.5

Matthys & Triantafillou model [Matthys & Triantafdu 2000]

VERP = £FRPeEFRPVOFRRIS(SING +COSB)
where,

- , 4 f 2/3
056eprp u e 0455°F for 20r3sidesaminatedwith CFRP fe"(B/ds)
fe=Vecfe - Ve=0.74:/200>0.5

e = { 072rRp uf %431 tor beamdully wrappedwith CFRP I = ErrevArRPY
,€

Khalifa & Nanni model [Khalifa & Nanni 2000]
_ WerptERP, v f 1 e(SINB +coSB)dErp y

SFRP

VErP

where,

fte=RERrpuy

R is a reduction factor depending on the governailyife mode; either mode | which represents FRRurepor
Mode Il which represents FRP debonding.

OSGZi pFRP,V’ EFRF’,V)Z - 12184 pFRP,V’ EFRP,V) + 0778 for model
R=! f 2/

0006
<
C

3
W -
¢ 173893 406(Errptrrp)| X0 for modell EERP Uy
€FRPuU

_ |dprpy —Le  for U-wrappedscheme _
fe= dFRP,v 2L, forsidescheme , Leemin{6.134-0.58In{erp Errpy) OF 75mm

Chen & Teng model [Chen & Teng 2003; &tial 2008]

_ (cotd +cotB)sing
Verp = 21 t eherpetFRPVWERP
SFRP
where,
fErPUV
Nerp & 2072, 2=0rrp s 2=0.905-(Ne-Orrp), fFRF,’e = DFRFGFRPmaX: OFRPmax = min 04274,
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7
1-cos—
22 if 121 L et
Derp=1 sin? 2-Werp/(Serp/sing) a7 2= Lanen
2 1+WFRP/(SFRP/S|nﬁ) S|n7 if A<l Le
-2 . )
1-——sin— if A1<1
7 2
h
E t ﬂ for U jackets
_ | EFRRV'FRRV _] sing
le= —— lmax= herpe .
\/?C W for sideplates

RP.g

X
L
8!

z, andz are the co-ordinates of the top and bottom enthe@effective FRP compositedirp andderp n are the
distances from the compression face of the beampper and the lower edges of FRP composite respécti

Ye et almodel [Yeet al 2005].

(singB +cosb)
VErp = KFRPmFRPe i
RP
where,
sSinB. ErrputErpy 13 for Ujackets __
K =¢ . . , PERp = . ) Z-_:I'ZANfC'[
FRP FRPSinﬁ\/EFRP,vtFRP,V +03fyherpe 10 forsideplates

e =g, )0:96(1-6707%) for Ujackets _ herpe L= 133\/ FRFIFRPV
f MM0.77(1-e4962)  forsideplates  2Lesing’ fot

£ it = By 0618 fer '&N:\/225_WFRP/(SFRP/Sin,3)
" Errputrrpy 125+ Werpl/(Srrp/sing)

herp, is taken according to [Chen & Teng 2003;fual 2008]
ACI committee 440 model

_ (sing + cosp)
VErp = 2fFRP,eEFRP,thRP,e'[FRP,vWFRPS—
FRP
where,
0004< 07%gRrp,y forfully wrapedmemb ke L
£FRPe = <0004 f ides ' v =127 <075
KvEERPUY < 4 or U- wrapsorsides 119€FRp,uy
d -L
/3 —FRRV_ "€ for Ujackets
2300 _ drrpy
iE t ’ 2= drrpy —2Le .
FRREV-FRRv ————— forsideplates
drrpy

Carolin & Téljsten model [Carolin & Taljsten 2005]

cosa
VERe =/1€cr Errp, FRPVIFRPZ S

where,
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€FRRuv sing  for continuousvrappir
a=6+p-9C &, =mi gcmaxSinz(a+lg), 'rrp=9 WERP for discretstrips
ebondsinz(a+/f) SFRP
sin if L< 2
&bond :;\/zFRRVEFRRVGf { Cher) . Lor Ly <X 0= Tmax ,
trrRRVEFRPY 1 if L<Lg 20 2rrpvEFRPVGY

Tmax = 351."1%, Gy = 06441219

Failure angle is 45 and uniform distribution for the strain across sieetion is assumed, thus factor equl.
&e.maxiS the maximum allowable strain to achieve comcieintributiong, max €.9. concrete contribution due
aggregate interlocking. If the concrete contribmitie not included in the shear bearing capacity littnéing
parametet. m, Can be ignored. is the available bond length.

Monti & Liotta model [Monti & Liotta 2007]

09d; f teg2tprpy (COtI + cotB) YERP  yorfully wraped

Vegp = ~ Prrp
MiNO9dg, M) f reg2terey ST EYERP sidescheme
" sin@ prrp
where,
ErrpviFRRY 2Errpy! EK [ 2~ (Werp/ SFRP)
= |———  f1yq=08|——————— I'gx =00 f.f = 21
ffdd if Ib = |e )
ftaa(lp) = (. b Fo ol Our) = ffdd+<¢hfFRP,uv_ffdd> if lp21le
Dlo_D | ; f,ulb:%Yeslc) — . )
ffdd|e[2 .J ity <le raa (o) + (¢ frrpuy = T1aa(p))de if Iy <le

0 freeend
- ¢k = 02+16-C  with; 0<rc/bw<0.5
1 endaroundacorner be

2
Zig eq qu .
f —_— |1+ 0.6, for Swrappedtrips
fad(1p) mir{O.QdS,ht}( Ziid,eq PP P

1 lgsing
frog=1 f 1--__e
fed fdd(lb){ 3 o.ws,rb}

leSi loSi .
ffdd(lb)[l'ém%gr:ih:}} +%(#szRP,d - ffddab)){l'm{%;ih:}} for Uwrappesdtrips

for Uwrappedtrips

i | - SFRP ;
Zid,eq = MiN(09ds, ) [Ie ffdd(lb)/EFRRvJsmﬁ

ferp,giS the design ultimate strength of the FRRis a factor considering the corner effect in aafsg-jacket or
fully wrapped laminates.. is the corner rounding radiuk, is the available bond lengtl) denotes that th

bracketed expression is zero if negative.

to

1%

Aprile & Benedetti model [Aprile & Benedetti 2004]
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v =mif, +Vf +Vgh +V
z [ASvfy,v +2WFRFIFRP,vaRF?qu Vi = Asfy +bereterpfrrpu |\, _ 06 ftly2
sy V] — T e D a D

Y tand| s SFRp 1 .B 4 T targ +cold
tand z
1+ !
+
6 = arctan, NsPs anRPPFRP
1+

NsvPsv + NFRP,vPFRP,v
Failure angleéd ranges between 3@ 60.

Colotti & Spadea model [Colotti & Spadea 2011]
(sing +cospb)

VErP = 2 FRPyWFRPA fed S
FRP

where,
(= MiNO 0§ max 0625 rpyy) forsideplgtesor U- jacket:
fed ™) 0625 rrpuy forcompletevrapping

0236

_ _ EFRP,vfc < _ [ 096 if 121
A=09dsco?, Ot max = 10145, B, Ry ferpy BL {/] (192 0961) if 121"
1 if SFRP<WFRP+ 74 L hFRP,V for U- jaCket EFvatFRpV
A=l 2t SrRP2 WiRpt 744 T tmax =) Nerp.y forsideplates = T o2
WeRrp e 2 fe
o - 0654+ 09654 -1) it 131
fb = 0.961
0.1812+0.4 if A1<1
General notations:
_A _ Ay . _DPrrAtrrp | _ 2WerALERPY
Ps ' Psyv bess PFRP hz PFRPV BSerp
A Area of the longitudinal steel.
A, Area of the steel stirrups.
fy Yield strength of the longitudinal steel.
Ty Yield strength of the steel stirrups
lerp.y Moment of inertia of the FRP plate used for ststgmgthening.
herp ., Total height of FRP strip used for shear strengtige
derp,y Effective depth of shear FRPdsfor rectangular section,dsslab thickness for T section)
Errp, Young’s modulus of the FRP used for shear stremghg.
ferP.un Ultimate strength of FRP composite used for segangthening.
ferpy. Ultimate strength of FRP composite used for flakgtrengthening.
EFRP.) Ultimate strain of FRP composite used for sheansfthening.
WeRE Width of the FRP strips.
Serr Spacing between FRP strips.
S Spacing between steel stirrups.
terp. Thickness of the FRP strips.
B Inclination angle of the FRP strips.
d; Depth of the steel rebars measured from the cossjme face to the centroid of tensile steel.
% Angle between the critical shear crack and thgitodinal axis of the beam.
B Shear span of the beam.
z Flexural lever arm.
Ne Homogenization coefficient of the flexural steginforcement.
Nere Homogenization coefficient of the flexural FRP quosites.
Ng, Homogenization coefficient of the shear steelfezement.
NERP., Homogenization coefficient of the shear FRP contpesi
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1.2.4.4 Codes and specifications

Establishment of design provisions requires speatibn of material properties for use in
design. There are currently several different desggidelines for the use of FRP in
strengthening [e.g. Fib 2001; Concrete Society BR ACI Committee 440]. All of these
guidelines use a similar approach to specifying muosite properties for design. They
generally neglect the modulus, most merely implyiingt the mean value should be chosen,
while a few specify modulus-specific safety factoasid instead place emphasis on the
ultimate tensile strength or strain. The genergreach to determine a design value for
composite strength is to define theharacteristic valuéas a certain percentile of test results,
with most guidelines specifying a minimum of 2B tests. Factors, varying for the different
guideline, are intended to account for environmleeféects, manufacturing specifics or
testing procedures. They are then applied to ttharacteristic value” to reach the final value
for design. Often, instead of specifying a perdentjuidelines give an equation similar to
Equation 1.2.34 where the characteristic valhg,is calculated as the meamn,, less a
constantn, times the standard deviatios), COV expresses the coefficient of variation; as
COV=0y/px.

Xe = Uy —NOy (1.2.34a)

Xe = Uy (1-NnCOV) (1.2.34b)

The constantn, varies by specification; however by fitting stdatiat distribution for the
tested data, the percentile of the distributioncsjgel by Equation 1.2.34 or the value of
implied by a certain percentile can be computelowahg direct comparison of the different
guidelines. Table 1.2.11 shows this comparisonulimate tensile strength. When necessary
a Normal distribution is used to relate the spedifpercentile to a value of As FRP is
assumed to have linear-elastic behavior, theséiaetawould apply equally to the ultimate

rupture strain, assuming that the modulus has stantvalue.

Table 1.2.11: Specifying the characteristic value for FRP sttkng

Guideline

ACI Committee 440

The Concrete Society TR55

Canadian highway bridge design code CHBDC 2806
ISIS Canad&’

JSCE 2001

Fib 2001

.64

P WWR N WS

(@)
D

D Cited in Atadero & Karbhari 2009

The value of the coefficiemt is considered as the first or initial safety fadteat must be
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applied to specify the characteristic strength 8PFcomposite. Other safety factors are
assumed to account for the possible environmenggiradiations of the FRP materials
throughout the lifetime of the strengthening. Fearaple, the ACI Committee 440 provision
recommends the use of an environmental reductictorfeCe; thus the design value of FRP
composite strength equals to the characteristiength of FRP composite multiplied by
coefficientCg. For carbon fiber materials subjected to extegiquosure, which is typical for
most bridge structures, a value@f of 0.85 should be used. While, the design ultinsatain

of the FRP materiakrrp , can be calculated by dividing the calculated desigength of the
FRP by the average elastic modulbdssp, reported by the manufacturer.

The final level of safety is provided through thart@l safety factors included in Load-
Resistance-Factor-Design LRFD approach. In thigaggh, load actions are increased and
strength is reduced, by multiplying the correspagdiharacteristic (nominal) values with the
partial safety factors. Two forms of LRFD approach often used in design provisions.

The first approach, involved in AClI Committee 440dgline, can be expressed as:

yoLDL + By WL+ y LL + i IL < Ry (Xc, Xs, Y FRPXFRP) (1.2.35)
where yp1, ywi, L and y. are load factors for dead, wearing surface, liagpact loads
respectivelyDL, WL, LL, andIL are the nominal values of dead, wearing surfaoe, impact
load actions (bending moment/shearing force) raspdyg. @is a general resistance factor
applied to the full nominal resistand®, is the nominal strength (bending moment/shearing
force) which is function of concrete contributigg steel contributiorks, FRP contribution
Xerp- Wkrp IS the resistance safety factor specific to FRRPmusite. These contributions are
function of the design values of material propsraed the dimensions of RC section.

The second approach, involved in Fib 2001, Concsetgety and TR 55 guidelines, can
be expressed as:
YoLDL+ By WL+ y LL+ y 1L < Ry (X (@), XsWs), Xrrp(WERP))  (1.2.36)
In this approach, material contributions are fumctiof the dimensions of FRP
strengthened RC section, design values of thegttierof each material (yield strength of the
steel, concrete compressive strength, rupturegttiesf the composite) and specific factors of

these strengths (concrete facipr steel factons, FRP composite factaggp).

1.2.5 FRP durability

In certain environments such as costal zones, a mignber of structures are in contact with

water. Generally, water has an effect on the gegneatd on mechanical properties of the
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materials that are used in these structures. Fampbe, the amounts of water absorbed
through concrete voids in RC structures result anrasion of steel rebars. Similarly to
concrete FRP composites have the ability to abaorbunts of water. However, degradation
mechanism of the mechanical properties of FRP caitgpaue to water absorption is still
unclear unlike the corrosion mechanism of steeteR#ly, there are many studies developed
to simulate and evaluate degradation of FRP corteoatie to water absorption [e.g.,
Karbhari & Abanilla 2007; Karbhari 2007; Marouar®@]. The majority of these studies
evaluate absorption of water in FRP using Fickiesponse in conjunction with accelerated
tests. Considering FRP plate with finite dimensama thicknes& as shown in Figure 1.2.38.
Fick’s first law (1855) is used to express theuwifon flux (J: in mol/mrs) as function of
the concentration gradient:

1=-p% (1.2.37)
()4

where,D is the diffusion coefficient in mffs. c is the moisture concentration at a position

y
7

c
S .
g = moisture conte
5 '//Lat timet & posti-
o on x
S = X =
B =
=
% — - X

L

Figure 1.2.38: Mass absorption vs. time according to Fickian oesp.

Fick’s second law is used to predict how diffusmranges moisture concentration with
time and can be expressed for three dimensiorfalsthh mechanisms as:
ac _ d%c d%c d%c
= T ot Dy >t
ot 0X oy 0z

(1.2.38)

where, Dy, Dy and D, are the diffusion coefficients in x, y, z direct® Diffusion process
thought FRP plate can be simulated as unidiredtidiffasion problem. As the diffusion iny
and z direction is very slow with respect to x diren and has negligible effect, thus Equation

|.2.38 can be reduced to:

ac 9%c
E:_Dxﬁ (|239)
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Assuming the boundary conditions:0; O<x<L; c=c,, andt>0; x=L; c=c., thus, solution of
Equation 1.2.39 can be given as [Marouani 2007]:

Co ~Cxt _ 4 (2n+1)7x _(en+1)%72
Coo —C; Z{2n+1 r( j XF{ 12 DXtJ} (1.2.40)

wherec, andc,, are initial and equilibrium moisture concentratimspectively.c; is the
moisture concentration at timeand distance& measured for the surface of the platés an
integer. The total weight of the absorbed watethagyFRP plate at a tintecan be obtained by

integratingcy ; over the thickness of the pldteand the areéy that is subjected to the flow:

L/2
M= [ Ascy dx (1.2.41)

-L/2
Thus, if we note the % gain in moisture uptdkeandM,, at timest and after infinite time

respectively, thus, we can obtain:

(2n+1)%
- D.t 1.2.42
Mw Z (2n+l) { L2 X ( )
Figure 1.2.39 represents the mass of absorbed véirea according Fickian response.
‘ M (%)
Mol
Jt—»

Figure 1.2.39: Diffusion in FRP composite plate.

Sometimes, it is useful to use simplified formuéspecially in determining the diffusion
coefficient in the nature. Marouani (2007) reporttece values used to determg

Me 24 Dxt orMyML<0.5 (1.2.43a)
M, LV
005
D, = L ForM/M,=0.5 (1.2.43b)
(t)1/2
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2
Mg 8 o@D’ o M08 (1.2.43¢)
Mo — 72 L2

Equation 1.2.43 is used to determibg is based on the hypothesis that the FRP sample is
rectangular. The gain of moisture can be determase=(MyerMary)X100inyry, Where,myy

is the dry weight of the FRP plate, are the gain in weight of FRP plate due to water
uptake. According to many experimental studies,[Mprouani 2007; Karbhari and Abanilla
2007]. The above described analysis is used tardete the gain in moisture as function of
time using the actual value BX. It is proven that the value of diffusion coeféinot increases
with the temperature of exposure. Arrhenius refeiop is strongly recommended to evaluate

Dy at a temperatur&, with respect to reference temperatlye

-E
D, =D, ex a i—i (1.2.44)
K |T, T

where,Dy, is the diffusion coefficient af;, R is the universal gas constant (8.3143 J/mol K).

T, andT; are in Kelvin scale.

Accelerated tests are used to predict the progedie FRP composites (strength or
modulus) as function of gain of moist absorbed BPFspecimen and tim® (= f(M,t)): the
properties of FRP samples subjected to constanension in de-ionized water are measured
through time intervals. Then, the time-evolutiornttué moisture profile within the same grade
of FRP under natural conditions (real conditionsnudisture) and assuming the Fickian
response described above. The final step leads egpress a % gain of moist weight
under real moisture exposure as a function of {#hmoist =f(t)). From these two steps, it is
finally possible to express the evolution of periance as a function of time under real moist
conditions P =f(t)).

Karbhari & Abanilla (2007) have formulated a sinfiglil durability model based on
Arrhenius’ acceleration law and Fickian responsevimusly described. The authors express
the long-term performande(t) (strength or modulus) of FRP composites as:

(%f)j—B: Aln(t) (1.2.47)
WherePy is the performance at time equals to zero. Diffesszes (2, 6, 12 layers) of wet
layup carbon/epoxy (for external strengtheningcgpens were used. Exposure conditions of
the accelerated tests range between 2 to 3 yearsh& used FRP grade, the authors fit the

constantsA and B, thus, the long-term properties (the ultimate regte fr,(t) and modulus
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E«(t)) for the case of FRP composites with two layens loe expressed as:

( Mo (t)J -1.0607=-0.03366In(t) (1.2.483)

fqu

( o (t)J ~1.0607= -0.0418In(t) (1.2.48D)
Efo

where,fqo is the initial CFRP ultimate strengtBy, is the initial CFRP modulug,is the time

in days. Here the values of constaBts and Bg; are not equal to the unity because the
parameters of the formula were obtained by fittexgperimental data. According to the
authors, this is considered acceptable since asss®nt of predictive accuracy of the model

shows reliable predictions of the model especialhyong periods of exposure conditions.
1.2.6 CONCLUSIONS

Recently, strengthening of RC structures using ERMRposite materials had been proven as
the most power strengthening tool. This was evidext justified in various extreme
solicitations (e.g. corrosion, shock, seismic ...ets) FRP materials characterized by their
high resistance and specific rigidity, anticorr@sinature, low specific weight, high cycle
fatigue life ...etc with respect any other strengthgnmaterial. FRP Composite materials
used in civil engineering domain may be classiiigih three categories: glass, carbon and
aramid. Each of these types has different rangsfr@figths and rigidities, this provide a wide
variety of the mechanical properties required toerggthening process. A brief discussion of
possible strengthening techniques is reviewed m phesent chapter. The chapter also
includes a detailed discussion of the history, udyrication, installation, durability,
properties, advantages and disadvantages of FRPosii@ laminates.

FRP strengthened RC beams were extensively studifférent failure modes were
observed: concrete crushing, FRP intermediate cdethonding, FRP rupture, FRP-end
interfacial debonding, concrete cover separaticRP4end debonding based shear crack..
There are many analytical and empirical models wweoposed in the literature to predict the
ultimate behavior of the FRP strengthened RC bedims.chapter reviews these models for
the different failure mode. Also, this chapter pras detail of specifying the mechanical
properties of FRP materials required for calcutatmd design method of FRP strengthened
RC beam in diffident guidelines [e.g. Fib 2001; Cate Society TR 55; ACI Committee
440].
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PART |lI: STRUCTURAL RELIABILITY OF FRP
STRENGTHENED RC BEAM

Chapter I1.1: Modeling of FRP strengthened RC beam.

11.1.1 GENERAL

The first step towards the probabilistic analysiga establish the limit state functions
which compare the strength to the load effect thhoa safety margin (Equation I1.1.1). The
limit state functions or failure modes can be cdesed of three types. The first is the ultimate
limit state which corresponds to the maximum loadrying capacity. Such capacities are
related to e.g. formation of a mechanism in thacstire: excessive plasticity, rupture due to
fatigue and instability (buckling). The second tygethe conditional limit state which
corresponds to the load-carrying capacity if a llgEat of the structure has failed. A local
failure can be caused by an accidental action ofirby The conditional limit state can be
related to e.g. formation of a mechanism in thecttire, exceedance of the material strength
or instability. The third type is serviceabilityrit states which are related to normal use of the
structure, e.g. excessive deflections, local danmagexcessive vibrations. The fundamental
guantities which characterize the behavior of acstre are called thdesign variables
Typical examples of design variables are loadsedsions and materials properties.

The general form of the so-called safety marginlmaexpressed as:

Jd(R,S)=R-S=0 (1.1.2)
whereR is the strength (flexural/shear) of the FRP stifeeiged RC section which is function
of design or basic variables. For example, in acddeRP ruptureR is equal to the ultimate
flexural strength due to FRP ruptufis the load action (e.g. bending moment) due & th
applied dead, live, impact loads...etc

Flexural strengtiR of FRP strengthened RC section is determined ws@otional analysis
method. It is proven to be a practical and accutatbnique for computing the ultimate
flexural capacity of RC section [El-Tawekt al 2001]. As shown in Figure 11.1.1, fiber section
analysis of a composite cross-section entails éigation of the section into many small
layers (fibers) for which the constitutive modelse abased on uniaxial stress-strain
relationships. Each region represents a fiber oferi@ running longitudinally along the

member and can be assigned one of several coiv&itubdels representing concrete, FRP
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II.1: Modeling of FRP strengthened RC beam

laminates or reinforcing steel.

The main assumptions employed in the fiber sectiethod are:

* Plane sections are considered to remain plane ladieding. It is generally accepted
that this assumption is reasonable even into tleéastic range. Measurements of
strains along the height show that this assumpgigood for beams strengthened with
FRP laminates [Inouet al 1995]

» Perfect bond is assumed between concrete androtiterials (steel reinforcement and
FRP laminates).

» Shear deformations are neglected as the fiberoseatiethod is limited to long thin
members whose behavior is dominated by flexure.

D=
a 4 gc,max
sc . . ] A 4 T Ese Fsc
' F
1 Ceomp £.(d;) fe,) ¢
ds — - - -
drp Ne 7
/
/
/
AS 85% = F
® & ® ¢ @ lt FS
T — o FRP Ernp — = FFrrp
Hﬁhﬁﬂ
(a) FRP strengthened RC section  (b) Strain diagram (c) Internal forces diagram

Figure 11.1.1: Strain distribution of FRP strengthened RC flekaramber

The constitutive properties for the components nedteare shown in Figure 11.1.2. The
stress-strain response of the FRP is assumed atabic-perfectly brittle. In practical cases,
stress analysis of FRP laminates in FRP strengthB@beams generally involves evaluation
of the existing substrate FRP stratfrf exis)- This strain is evaluated at the interface betwee
concrete surface and FRP laminates due the eff@ermanent loads on the RC section, thus,

the stress in FRP laminates bonded to concrete baarhe calculated as:

fErRP = (6FRP~ £FRPexist EFRP (11.1.2)
where,Ergrp is the modulus of FRP compositesse is the strain in FRP composites according
to the strain diagram shown in Figure 11.1.1.

The stress-strain relationship for steel reinforeeta is assumed elastic-perfectly plastic
and can be expressed analytically as:
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II.1: Modeling of FRP strengthened RC beam

s =

f fores>¢
{y STy (1.1.3)

Esssforegsey
where, Es, fy, andeg, are the elastic modulus, yield stress and yietdirstof steel rebars
respectively.

A nonlinear stress-strain relationship is assun@dcbncrete material, the compressive

stress-strain curve is taken according to the M@aele MC90 as given in Equation 11.1.4.

2
"
fe \%o (11.1.4)

wheref. is the compressive strength, represents the initial tangent modulus of the oete¢
&co INdicates the strain corresponding to the peasstof the concrete. The tensile strength of

the concrete is neglected.

oy

|

|

|

\
£¢0=0.0022 Ecu

ErRPu €
(a) Concrete (b) reinforcement steel (c) FRP composites

Figure I1.1.2: Strain-straino-¢) curve for material used in FRP strengthened R@bee

In their general discretized form, the cross-seaioforces are determined as stress
resultants according to the following general eiqunet

FX = ig‘i A' =0 (”15)
i=1

M, =Zn:ai Ad; (1.1.6)
i=1

whereF is the summation of axial stress resultaktgis the ultimate bending moment of the
section. Evaluation oF, and M, depends on the ultimate control strains in theemdls;
concrete, steel or FRP composités.is the area of layer or fibérd; is the distance between
the centroid of the fiber and the top of the FRP strengthened RC sectios. the total
number of the section fibersis a positive integer representing the fiber getaof the FRP
strengthened RC section: tensile steel area or mssijon steel area, FRP laminates or any

layer of the concrete as shown in Figure Il.1.1udgpn 11.1.5 is a nonlinear equation
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including the depth of the neutral axisas an unknown. An iterative Newton-Raphson
algorithm can be used to determine the value tfat permit to verify Equations I1.1.5 &
11.1.6.

[1.1.2 MODELING OF FRPSTRENGTHENED RC BEAM; SIMPLIFIED FORMULAS
[1.1.2.1 Modeling of flexural limit state
[1.1.2.1.1 Concrete crushing and FRP rupture failue mode

The ultimate bending moment in the flexural limtate which corresponds to concrete
crushing failure mode, see Figure 11.1.3, can lerd@ned by limiting the maximum concrete
strain é:may to the failure concrete strain.() (see Figure 1.1.1 & 11.1.2). Thus, Equations
I1.1.4 & 11.1.5 can be expressed as:

b.h, o
Fy = —Cnc iglac,i (&) + AT+ AT + Depplerp (Eprp ~ Erpiexis) Erre =0 (1111.7)

b.h, n
M, = Cn Ziac,i (&)d + Ao ds + A0 g + Perpterp(Errp ~ Errpexis) Errpdrrp  (11.1.8)
whereg;, fs, fsc andepgrp are determined according to the linear strairridistion (see Figure
11.1.1 & 11.1.2) considering thad; max cu- My IS the resistance pdrtin Equation 11.1.1.

As far FRP rupture failure mode is concerned, thenate bending moment can be

determined by substituting the FRP straig by errp o in Equations 11.1.5 & 11.1.6 such that:

b n
Fx = C:C Eiai (&) + Asfs + Acfse + Bereterp(Errpu ~ Errpexisd Errp =0 (11.1.9)

b n
M, = Cnhc igiac,i (&)d, + Ao dg + AT ds + Berpterp(Errpy — EFrpexist) EFrPArrp (11:1.10)

whereg;, fs, andfsc are determined according to the linear strairriistion (see Figures 11.1.1

& &11.1.2).
' \concrete crushing
A d” 4
FRP rupturé

Figure 11.1.3: Concrete crushing and FRP rupture failure modes.

In order to ensure the accuracy of such simpliegdations, we compare the theoretical
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II.1: Modeling of FRP strengthened RC beam

ultimate load Pyuw) using Equations 11.1.9 & 11.1.10 to the experirtanvalues By exy
obtained for tested RC beams. A dataset contaidthgested beams were collected from
[Esfahaniet al 2007; Toutanjiet al 2006; Bogas & Gomes 2007; Ceroni 2010; Aretral
2008; Zoghmar 1998; Graad al 2002; Hashemet al 2009; Maalej & Bian 2001]. All the
beams in the dataset have failed only by concretehing or FRP rupture. The beams were
simply supported and tested symmetrically under-fmint loading test. Details of tested
beams are given in Appendix A.1. Figure 11.1.4 prés the scatter distribution of the ultimate
load results obtained experimentalB, ¢x) and those obtained theoretically, () using the
above described model. It can be noted that themlikaory can predict the ultimate strength
for both concrete crushing and FRP rupture failoeles. The average valueRyfexdPu.h is
1.066 with a standard deviation of 0.1306. Coedfiti of correlationR; between the

experimental and theoretical values was calculatebifound equal to 0.9798.

Theoretical E’th in KN

Experimental P eXpin KN

Figure 11.1.4: Verification of beams theory for concrete crushamgl FRP rupture failure
mode.P, is the ultimate load applied on the beaRy.is the coefficient of correlation.

11.1.2.1.2 FRP intermediate crack debonding failuremode

FRP intermediate crack debonding failure mode tghkase when flexural cracks are spread
in FRP strengthened RC beams (see Figure I1.15¢. (itimate bending moment in the
flexural limit state corresponding to FRP internagedicrack debonding can be determined by
limiting the maximum FRP straineggp) to the ultimate debonding straiardp 9. Thus,

Equations 11.1.5 & 11.1.6 can be expressed as:

behe <«
=L > 01(&) + Asfs + Ascfsc + brrptrrp(eFRPd ~ EFRPexist EFrp =0 (11.1.11)
i=1

Fx
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II.1: Modeling of FRP strengthened RC beam

M, =

b n
C:C 'Zlac’i (&)di + Ao ds + A0 s + Berpterp(Errpa — EFrpexist) EFrpdrrp (11.1.12)
i=

whereg;, fs, andfs; are determined according to the linear strairribistion (see Figure 11.1.1)

assuming thatrrp=¢rrp ¢

debonding propagati

‘ I Y

FRP plate
Figure 1.1.5: Intermediate crack debonding failure mode.

Two verifications were carried out to choose anueaie analytical formula oOfrrp g
through the formulas reviewed in previous studied geported in Table 1.2.7. The first is to
verify the ultimate load appliedP() to a FRP plate bonded to concrete prism usingribeels
given in Table 1.2.7. The theoretical predictiorfstiee ultimate bond tensile forc®y are
compared with 245 tests results of a dataset reghont [Lu et al 2005; Chen & Teng 2001,
Yao et al 2005]. Dimensions and material properties of thetedd FRP plates bonded to
concrete prisms are detailed in Appendix A.2. Fegllirl.6 shows a scatter distribution of the
ultimate load results obtained experimentaly &, and those obtained theoretically )
using the debonding models given in Table I.2.7cdkding to the figure, it can be noted that
the theoretical values obtained using the debondiodel proposed by Chen & Teng (2001)
give the best scatter distribution with experiméemtdues with coefficient of correlationrf)
of 0.9646. In addition, statistical moments (i.eean and standard deviation)RfexdPy wn Of
the models were reviewed in Table 1.2.7 can alscdrepared (see Table 1.1.1). As can be
seen in this table, Chen & Teng (2001) model carchmsen as the best predictor of the
ultimate debonding load applied to FRP plate boridembncrete prism.
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Figure 11.1.6: Verification test of bond strengthB(in KN) versus predictions of existing
bond strength models given in Table I.ZYis the coefficient of correlation.

118



II.1: Modeling of FRP strengthened RC beam

Table 11.1.1: Mean and standard deviationRfe./Pu.m Of the FRP plated bonded to concrete
prism of debonding models reviewed reported in &ala.7.

Model Mean of Py,ex/Pustn) Standard deviation oP(,ex/Pustn)
Neubauer & Rostasy (1997) 0.8079 0.2141
Chen & Teng (2001) 1.0557 0.1904
Taljsten (1994) 0.7188 0.2810
Sharmeet al (2006) 0.6188 0.5310
Yuanet al (2004) 1.0522 0.2083
Lu et al (2005) 1.0247 0.2012
Tenget al (2004) 0.6399 0.2627
ACI 440.2R-02 0.4271 0.3676
Fib 14 method 2 1.5680 0.2986
JSCE 1.1192 0.2901
Concrete Society TR55 1.0044 0.2444
CNR DT 200 0.6745 0.2744

The second verification was performed using a @htes58 tested beams collected from
[Bogas & Gomes 2007; Aram & Czaderski 2008; Phal-d81ahaidi 2004; Tenget al 2003;
Ceroni 2010; Yao & Teng 2007; Maalej & Leong 20@6ghmar 1998]. All the beams of the
dataset have failed only by FRP intermediate crdekonding. The beams were simply
supported and tested symmetrically under four-ploiatling test. Details of the tested beams
are given in Appendix A.3. The ultimate debondirgads applied on the beams were
calculated using Equations 11.1.11 & 11.1.12 in porction with the debonding models given
in Table 1.2.7. Figure 11.1.7 shows the scattetribstion of the ultimate load results obtained
experimentally Ru,exp) and those obtained theoreticalBy (). It can be noted that the model
proposed by Chen & Teng (2001) gives the bestescdistribution between the experimental
and theoretical results. Coefficient of correlatiogtween the experimental and theoretical
values — using Chen & Teng (2001) model - was daled and found equal to 0.958. In
addition, the mean and the standard deviatioPef.{fP. ) of the models reviewed in Table
1.1.2 are given I.1.7. Results also confirm thdte@ & Teng (2001) model can catch the
minimum variation with all the studied models.

According to the two verifications, it can be card#gd that Chen & Teng (2001) give the
most accurate prediction of ultimate debonding lapdlied to FRP strengthened RC beams.
Thus, we recommend using Chen & Teng (2001) madiie reliability analysis.
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Figure 11.1.7: Theoretical and experimental FRP debonding loBgsl(™ in KN) applied on
the beamR; is the coefficient of correlation.

Table 11.1.2: Mean and standard deviationRfex/Pu,n Of the FRP strengthened RC beams.

Model Mean of Py,ex/Pustn) Standard deviation oP(,ex/Pustn)
Teng et al (2004) 1.2238 0. 1434
Chen & Teng (2001) 1.0234 0. 1170
CNR DT 200 1.1815 0. 1533
ACI Committee 440 0.9818 0.1792
JSCE (2001) 1.9346 0. 3626
Fib (2001), limiting strain 0.9862 0. 2297
Neubauer & Rostasy (1997) 1.4812 0. 2156
Fib (2001), method 2 2.4249 0. 4123
Concrete Society TR55 limiting strain 0.9998 0583
Concrete Society TR55 1.8733 0. 2969
Taljsten (1994) 1.2692 0. 2353

120



II.1: Modeling of FRP strengthened RC beam

11.1.2.1.3 Modeling of plate end debonding based-slar crack failure mode

The basic principle of plate end debonding basedrstrack failure mode is the movement of
two adjacently rigid concrete blocks (8 1.2.3.2Bl)ese two concrete blocks are separated by
a shear crack as shown in Figure 11.1.8. TableJ.ih chapter 1.2, reviews the available
models proposed in literature to predict FRP erfibdding based shear crack failure mode.
All the reviewed models are based on limiting theled shearing forcevgy,) at the end of

the plate to a critical valu&/{, nd, thus, the limit state can be expressed as:

In order to validate the accuracy of these modHistested beams were collected from
[Ahmed et al 2001; Pham & El-Mahaidi 2004; Cero0il@; Ali 2005]. Dimensions and
material properties of these beams are given ineAgx A.4. All the beams were simply
supported and tested symmetrically under four-ploiading test. All the beams in the dataset
have failed only by FRP end debonding based sheak.cThe critical shear valueSy end
were calculated using the end debonding modelshgiv8able 1.2.8. Figure 11.1.9 shows the
scatter distribution of these critical shear valobgined experimentally and those obtained

theoretically.

/ shear
crack

FRP end debonding

directiof of crac
propdgatfio

i a—

FRP plate

Figure 11.1.8: Shear crack induced plate end debonding failuréeno

Despite of the low number of the available testst@nature, as FRP end debonding based
shear crack barely takes place, Ahmed & Van-Gerfi€®®9) model gives the best scatter
distribution between the experimental and theaasktiesults. Coefficient of correlation
between the experimental and theoretical valueghigr model was found equal to 0.928.
Table 1.1.3 reports the mean and the standard ti@viaf (experimental/theoretical) ratio of
the critical shear forcé/{p end Ccalculated using the models reviewed in Table81.& can be

concluded that Ahmed & Van-Gemert (1999) givesrtiust accurate prediction of the critical
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II.1: Modeling of FRP strengthened RC beam

shear force \(ghend Of FRP end debonding based shear crack. Thusee@mmend, in the

present study, using Ahmed & Van-Gemert (1999) rhivdihe reliability analysis.
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Figure 11.1.9: Theoretical and experimental shear capacity FRRdebonding based shear
crack Ioads{de,endxl(Tl in KN). R. is the coefficient of correlation.

Table 11.1.3: Mean and standard deviation &y endexd Vdb,endath Of the FRP strengthened RC
beams.

Model Mean of Vab.envext! Vabenotn)  Coefficient of variationVup envext! Vdb.enoth)
Ahmed & van Gemert (1999) 0.9548 0.2082

Teng & Yao (2007) 1.4108 0.2574

Smith & Teng (2003) 1.4794 0.2649

Oehlers (1992) 1.7803 0.2784

Jansze (1997 1.3791 0.2949

Tenget al (2002§? 1.2766 0.2959

Colotti et al (2006) 1.1047 0.4748

Sharmaet al (2008) 1.5150 0.8074

Blaschkoet al (1998) 1.1707 0.2972

B Cited in [Smith & Teng 20G% © Cited in [Aramet al 2008]
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II.1: Modeling of FRP strengthened RC beam

[1.1.2.1.4 Modeling of interfacial FRP end debondig & cover separation failure modes.

Interfacial stress concentration at the end of PR causes separation of the plate from the
concrete surface. Failure may take place in thesida layer or in small depth in the concrete
cover as shown in Figure 11.1.10. Interfacial plated debonding failures were observed in
RC beams bonded with a steel plate on which a derable research had been already
accumulated before to become popular for FRP pldteough the literature review of the
experimental data of FRP strengthened RC beamsrteeb in previous studies, FRP
interfacial end debonding failure mode was not réed as it is infrequent failure mode
[Smith & Teng 2003. Therefore, it is difficult to differentiate beegn the reviewed FRP end
debonding due to interfacial stresses models -bZiea al (1994), Varastehpour (1996) and
Tumialanet al (1999) — reported in 8 1.2.11.4. From other sid®/esal researchers have
investigated that a significant decrease in thenitade of interfacial stresses can be achieved
by considering the three following recommendations:
1. Tapering the thickness of the FRP material andguBlilet adhesive at the FRP plate
edge [Allanet al 1988; Price & Moulds 1991; Adanes al 1986].
2. Placing the cut-off point of the FRP plate closedhte support.
3. Using transverse FRP U-wrapped laminates aroundr&ié longitudinal plates or
anchorage the using steel bolts as shown in Figize® & 1.2.7c respectively.
Accordingly, we neglect the interfacial FRP end ateling failure mode assuming the above

assumptions in the design of FRP strengthened R@$e

/] \@

FRP plate

A' .. .concrete: ]

crack in the k adhesive failure in /
adhesive layer concrete M
FRP platd

(a) weak adhesive; failure in (b) Strong adhesive; failure in
adhesive; layer concrete-adhesive interface

Figure 11.1.10: FRP interfacial end debonding failure mode.

In what concerns concrete cover separation failomede, it takes place at steel

reinforcement depth level due to the excessiveileefizrce in the FRP plate as shown in
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II.1: Modeling of FRP strengthened RC beam

Figure 11.1.11. Concrete cover separation failuresre frequently observed in many
experimental studies. Six analytical models, pregas cover failure, were reviewed in Table
1.2.9. In order to validate the accuracy of thesmlefs, 47 tested beams were collected from
[Maalej & Bian 2001; Davicet al 1999; Garderet al 1997; Nguyeret al 2001; Ahmed et al
2001; Ahmed & Van-Gemert 1999; Bebeiral 2001; Smith & Teng 200R dimensions and
material properties are given in Appendix A.5. &le beams were simply supported and
tested symmetrically under four-point loading tesit.the beams in the dataset have failed
only by concrete cover separation. The ultimatel lealues P,) were calculated using the

concrete cover separation models given in Tablé.1.2

:

k / \ N\ )

//////7////////// )
/

Figure 11.1.11: Concrete cover separation failure mode.

Figure 11.1.12 shows the scatter distribution of alues obtained experimentally and
those obtained theoretically. It could be concludeat concrete cover separation models,
reviewed in Table 1.2.9, give a bad scatter distitm and cannot give a safe predictions of
the concrete cover separation failure mode. Intemidia lower correlation factors between
experimental and theoretical result were recordduls, the reviewed models could not be
used as an accurate tool to predict concrete caygaration failure mode. From other side,
the reported cover separation models were proposbdfor symmetrical four loading case
and there are not enough informations about howtha be applied to general loading cases.
But, similarly to interfacial FRP end debondinddae mode, the above three assumptions are
considered to diminish concrete cover separatidaréamode. So we neglected theses failure

modes in the reliability analysis.
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Figure 11.1.12: Theoretical and experimental shear capacity coma@ver separation loads
(PJ/2 in KN). R; is the coefficient of correlation.

11.1.2.2 Modeling of shear limit state

The shear strengti of a FRP-strengthened RC beam is evaluated bymasguthat the
contribution of concretd/;, internal steel stirrup¥s and the contribution of external FRP
strips/sheet¥; are additive so that:

V =V, +Vg5+VErp < 0.66\/Tébcds (I.1.14)
Steel and concrete contributions were calculatembrding to the ACI code as given by
equations 1.19 and 1.20.

Ve = 017bcdg/ fe (11.1.15)
f.d
Vg = Asvinds (11.1.16)
Ss

where Aq, S5, andfy,, are area, spacing and yield strength of inteshabr reinforcements.
The contribution of external bonded FRP laminaias ghear strengthening has to be
chosen within the models given in Table 1.2.10. Amplete dataset containing 159

experiments was collected from [Kiet al 2008; Jayaprakastt al 2008; Taljsten & Elfgren

125



II.1: Modeling of FRP strengthened RC beam

2000; Barros & Dias 2003; Khalifa & Nanni 2000; dmtafillou 1980; Kamiharaket al
1997; Umezu 1997; Taerwe 1997; Diagathal 2003; Norriset al 1997; Challakt al 1998;
Chajeset al 1995; Triantafillou 1998; Khalifat al 1998; Deniaud & Cheng 2001; Pakal
2001; Pellegrino & Modena 2002; Taljsten 2003; kdhy et al 2004; Carolin & Taljsten
2005; Dias & Barros 2008; Sas 2008] and used tibyvilne accuracy of the shear models.
All the studies consider an initially repaired slgnpupported beam with symmetrically four-
points loading tests, with various schemes FRPeshdpailure mode for all data collected is
the shear mode. All details of repaired beams; dsiw&s and material properties for
concrete, steel and FRP were tabulated in AppefAdixShear capacity was calculated using
Equation 11.1.13 and the models give the FRP cbuation shown in Table 1.2.10.

Figure 11.1.13 shows the scatter distribution oé thltimate FRP shear contribution
obtained experimentallyVErpexy and those obtained theoreticallyrgpm) USINg shear
capacity models given in Table 1.2.10. The accuratyhe model proposed by Chaallaal
(1998) cannot be checked since the values of tisknbss and strength of the adhesive are
not available for most of the experimental stugessented in the dataset (Appendix A.5).
Within these models, Triantafillou & Antonopould000) model, recommended also by Fib
Bulletin 14 provisions, gives a good scatter dmttion betweenVerp exp and Verp i With
coefficient of correlation 0.957. The mean and stendard deviation oMVgrp exfVerp,m) Of
the shear models are given in Table 11.1.4. Trigida & Antonopoulos (2000) model is a
good candidate to achieve the minimum variatiorihi@ obtained results comparing to the

other models. From this point of view we can coesitiis model in the reliability analysis.
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Figure 11.1.13: theoretical and experimental shear capaditxX0* in KN) of RC beams
strengthened using FRP laminates for sheais the coefficient of correlation.

Table I1.1.4: Mean and standard deviation OfrgpexfVrrr) Of FRP strengthened RC
beams.

Mean of Vu,exd/Vustn) Coefficient of variationVy,ex/Vusth)

Triantafillou & Antonopoulos (2000) 0.916 0.275
Matthys & Triantafillou (2000) 0.916 0.504
Khalifa & Nanni (2000) 0.714 2.617
Chen & Teng (2003) 1.264 0.696
Ye et al (2005) 7.649 12.98
Carolin & Téljsten (2005) 0.209 0.121
ACI 440.2R-02 1.440 1.039
Colotti & Spadea (2011) 1.009 0.757
Aprile & Benedetti (2004) 0448 0.258
Monti & Liotta (2007) 1.703 1.028
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[1.1.3 NUMERICAL SIMULATION OF FRPSTRENGTHENED RC BEAM
[1.1.3.1 Introduction

Reinforced concrete externally bonded with FRPassaered as a type of heterogeneous
composite structure consisting of three major camepds: concrete, reinforcing steel and
FRP. The composite poses a highly nonlinear arabysallenge that involves complications
such as extensive cracking, local effects andrailnodes. A general approach to model such
a problem is to select a suitable numerical apgraadreat the response of each component
separately and then obtain their combined effegtanfposing the condition of material
continuity. Thus, a complete analysis includesiec@lg a suitable numerical method,
modeling each material using appropriate laws amdiaiing the interaction between the
materials. The three main numerical solution procesl are: finite difference method (FDM),
boundary element method (BEM), and finite elemeethad (FEM).

The FEM offers a powerful and general numerical foostudying structural behavior of
reinforced concrete structures. Cracking, tensiifiesing, non-linear material properties,
interface behaviors and other effects previoushyorgd or treated in a very approximate
manner by analytical or empirical methods can beleten rationally using FEM. The
reliability of the method is largely dependent be aiccuracy with which the model simulates
the actual behavior and geometrical characteristidhie prototype structure. Where simple
analytical methods are not feasible for the solubbcomplex civil engineering problems, the
FEM offers an effective, versatile and reliable mggh to handle such cases. Abaqus/explicit
[Abagus manual] has been used in our research lculage the behaviour of the FRP
strengthened RC beams. This FEM package includasgge variety of material models and

elements including facilities necessary for thigipalar subject.
[1.1.3.2 Constitutive models
11.1.3.2.1 Concrete

In the last decades, many constitutive models whah predict the behavior of concrete,
including cracks and crushing have been developed. approaches are available in Abaqus
to predict the behavior of concrete: smeared ceatk plastic damage models. The plastic
damage model was selected for this study sinceast ligher potential for convergence
compared to the smeared crack model [Abaqus manlia] concrete plastic damage model
assumes that the two main concrete failure mecimsnere cracking and crushing. Crack

propagation is modeled by using continuum damageharecs, stiffness degradation.
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The plastic damage model requires the values daftielanodulus, Poisson’s ratio, the
plastic damage parameters and description of casapee and tensile behavior. The five
plastic damage parameters are the dilation anggeflow potential eccentricity, the ratio of
initial equi-biaxial compressive yield stress tatial uniaxial compressive yield stress, the
ratio of the second stress invariant on the temséeidian to that on the compressive meridian
and the viscosity parameter that defines viscoiplasgularization. The values of the last four
parameters were recommended by the Abaqus docutoentar defining concrete material
and were set to 0.1, 1.16, 0.66, and 0.0, respgtifthe dilation angle and Poisson’s ratio
were chosen to be 35° and 0.2, respectively [GHieal 2010]. Another important thing is to
represent the stress-strain curve for concreteninaecurate way. For a given concrete
characteristic compressive strength, the concreésssstrain curve in compression can be
described using the concrete model reported in MOdde Mc90 (see Equation 11.1.2).

The stress-strain curve can be defined beyond Itimeate stress, into the strain-softening

regime. The compressive inelastic strajfl,, is defined as the total strain minus the elastic

strain, Zg = £, — €5, as illustrated in Figure 11.1.14 [Abaqus manual].

\
‘
ST Y. fu €
- g ]
Figure 11.1.14: Response of concrete to uniaxial loading in cosgion [Abaqus manual].

In what concerns the concrete behavior in tensiohas been modeled using a linear
elastic approach until cracking initiated at temsilrength. After crack initiation, the softening
will start. The post-failure behavior for directahing is modeled with tension stiffening,
which permits to define the strain-softening beba¥or cracked concrete. Linear, bilinear or
exponential function can be used to fit the tensioftening curve as shown in Figure 11.1.15
[Coronado & Lopez 2006].
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Figure 11.1.15: Softening of concrete under uniaxial tension [@ado & Lopez 2006].

Exponential relation was used in this study asmenended in many studies [i.e. Chen
al 2010; Coronado & Lopez 2006]. Formula reportefOhenet al2010] was used:

Res
Iof Wi VR Y _
—t= 1+[c1—tJ ew Mo ——t(1+cf)e( ) (1.1.19)
fet Wer Wer
Gt
Wer = 514—- (1.1.20)
fet

wherec;=3.0 andc,=6.93 are constant determined from tensile testeetoncretes; is the
tensile stress normal to the crack directmnis the crack opening displacement as shown in
Figure 11.1.16.f;; is the concrete tensile strength of the conci®&tgN/mm) is the fracture
energy and may be estimated from the following #qndCoronado & Lopez 2006]:

Gt :2.5a0[ & J (1+ a j (we)~03 (1.1.21)

0051 1127

whereay,=1.44 for crushed or angular aggregate diamdigmm) is the maximum aggregate
size. In the present study it will be assumed thaB2mm.w.=0.45 is the water-to-cement

ratio in the concrete mix.

cracking point

ost cracking curve

oy

S———
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Figure 11.1.16: Response of concrete to uniaxial loading in m$Abaqus manual].
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II.1: Modeling of FRP strengthened RC beam

The stress-displacement curve defined by Equatibhsl9 - 11.1.21 (also see Figure
[1.1.16) can be transformed into stress-strain ewwcording to the crack band defined by the
following equation [Bazant 1983]:

w = [£crdh (11.1.22)
hC
wheree. Is the cracking straim is the width of the crack band.

In Abaqus, the crack band width is defined as tharacteristic crack length of an

element. Recommendation for estimating crack baidthwvas adopted in [Chest al 2010].

For instance, the characteristic crack length pfaae stress four-node square element was

taken to be/2e, wheree is the side length of the element. Thus, the énacktrain can be
expressed &g, :vw/x/ie. Tension stiffening is required in the concretendge plasticity

model. It is possible to specify tension stiffening means of a post-failure stress-strain
relation or by applying a fracture energy crackargerion. The degradation of the elastic
stiffness is characterized by two damage variabdesnd d., which are assumed to be
functions of the plastic strains. The damage végban take values from zero, representing
the undamaged material, to one, which represetds ltuiss of strength. Linear relationship

between the damage variable and stress will berass$in the present study.
11.1.3.2.2 Reinforcing steel

The constitutive model used to simulate the steaiforcement was the classical metal
elastic-perfectly plastic model as shown in Figliré.2. The input for the steel model
includes elastic modulus and yield stress. Petfead between the steel reinforcement and

the concrete was assumed.
11.1.3.2.3 FRP composites

For FRP laminates, linear elastic behavior up fturfa was assumed as shown in Figure

[1.1.2. Elastic modulus and tensile strength wexeded for the simulations.
11.1.3.2.4 FRP-Concrete interface

Two different models were used to represent therfimte between concrete and FRP plate. In
the first model the interface was modeled as aeptldond between the FRP and the concrete
while in the second it was modeled using a cohesivee model. The former model is used to
simulate FRP rupture or concrete crushing failusdenwhile the latter is used to simulate

debonding failure modes. In the direction parafbethe interface, a simple bilinear bond-slip
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II.1: Modeling of FRP strengthened RC beam

model softening behavior was employed to simullag¢ereal FRP-to-concrete bond behavior.
The bond-slip relationship is written in terms bé teffective traction and effective opening
displacemend. Figure 11.1.17 shows a graphic interpretatiortled model. The interface is
modeled as a rich zone of small thickness andnitialistiffnessKy is defined as [Obaidat
al 2010]:

1
ot

LI
Gi Gc

Ko = (11.1.23)

wheret; is the resin thickness, the value used for thislystvasti=1mm.t. is the effective
thickness of concrete whose deformation forms pathe interfacial slip. Lwet al (2005)
found that effective thickness of concrete 5mm mtes the best prediction of the bond-slip
curve. Thus, the thickness of concrete was assumedual 5mm throughout the study.
andG; are the shear modulus of resin and concrete regplgc

unloading &
/reloading £i'loaths

5, 5 5
Figure 11.1.17: bond-slip constitutive law of the adhesive lay@bdidatet al 2010].

According to Figure 11.1.17, it is obvious that threlationship between the tension stress
and effective opening displacement is defined ey stiffness Ko, the local strength of the
material,zmax @and a characteristic opening displacement atuirag;. Whenrya«iS achieved,
the stress transfer decreases linearly to zero. arba under the curve is defined as the
interfacial fracture energy(s.. This model is capable of simulating the bond beira
regardless of whether debonding occurs within thecete substrate or within the adhesive
layer.

Equation [1.1.24, [Obaida¢t al 2010], provides an upper limit for the maximum ahe

stresSzmax 9iving tmax=3MPa in this case:

Tmax= 158y fct (1.1.24)
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where

ﬁw=:J[225—9553J{125+9533j
be be

andbgrp is the width of the FRP platb, is the width of the concrete beam.

Based on the numerical simulations employed by [@di@t al 2010], it had been proved
that the valuerna,=3MPa, is too high, since CFRP rupture or conceetishing induced the
failure, instead of the CFRP debonding that octhesexperimental studies. Henegax is
recommended to be reduced to 1.5MPa. For fractuergy, G, was taken equal to
0.09J/mm as recommended by [Obaidstal 2010].

The initiation of damage was assumed to occur waequadratic traction function

involving the nominal stress ratios reached theeane. This criterion can be represented by

2 2 2
On Ig Iy _
{?} +{T_O} +{T—O} =1 (11.1.25)
n s t

wheregy, is the cohesive tensile amgandr; are shear stresses of the interfags, andt refer
to the direction of the stress component in cag@reke dimensional problem. Directibior s
is neglected in case of two dimensional probleras {&Ggure 11.1.18). The values used for this

study Werear? = feand 70 =10 = 15MPa. Interface damage evolution was expressed in

terms of energy release. The description of thislehds available in [Abagus manual]. The
fracture criterion model reported in [Abaqus mahuglparticularly useful when the critical
fracture energies during deformation purely aldmgfirst and the second shear directions are

the same; i.e. G =G . It is given by:

G
GS + (G§ —GE){G—V} =G¢ (11.1.26)
g

where G=G¢+G;, Gg=G,+Gs andy are the material parametefS,, Gs and G; refer to the

work done by the traction and its conjugate separah the normal, the first and the second

shear directions, respectively. The values usedhis study areGS = 00/mnf and

G- =G = 009)/mn? andy =1.45.
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II.1: Modeling of FRP strengthened RC beam

Figure 11.1.18: 3-Dimensional cohesive Element [Abaqus manual].

Normal to the interface, the behavior is assumegettinear elastic with normal stiffness
estimated from the stiffness of the adhesive layhrs treatment is based on the observation
that the interfacial stress normal to the FRP-toecete interface is small and has little effect
on debonding failure [Chest al 2010].

[1.1.3.3 Choice of Elements

The of finite element modeling were performed ibi@ steps. First, an overall model was
used to obtain the load actions — bending momeamdsshearing forces in beams - of a RC
bridge, see Figure 11.1.20. The bridge deck wasukited using shell elements (S4) available
in Abaqus elements library. While the beams of a IRRildge were simulated using beam
element. The applied dead and surface - Asphalhdd are simulated as uniform distributed
loads on the concrete shells, while truck loadsre/senulated as point loads. Second, the RC
beams were modeled as a two dimensional finite e¢mepresentation as shown in Figure
I1.1.21. The applied loads on the beams obtainenh fihe first step where used to study the
flexural and the shear behaviors of the RC beanemoccurately. In this case the concrete
was modeled using the plane stress elements (CPS84iRable in Abaqus elements library.
The element incorporates the crack band model fodeling its cracking behavior as
explained in the section 11.1.3.2.1. Both the siail the FRP reinforcement were modeled
using truss elements (T2D2). Perfect bond was asgumtween concrete and all types of
steel reinforcement; tensile steel, internal st&@rups and compression steel. Interface
between the concrete and the FRP plate was modsieg 2-D cohesive elements with four
points (COH2D4) as shown in Figure 11.1.21. Thelmoploads were simulated as point loads

on the upper edge of the concrete.
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II.1: Modeling of FRP strengthened RC beam

Figure 11.1.20: Overall modeling of RC bridge.

Trucks load (P)
distributed load (q) -surface & concrete weight-daled
as point loads on the upper points of the beam
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_steel element /concrete element (T2D2) \ (T2D2)
(CPS4R) (CPS4R) A concrete element (CPS4R)

interface element (COH2D)
FRP element (T2D2)

Figure 11.1.21: Modeling of RC beam.

Abaqus is a general finite element program. Twolinear solution procedures are
available in Abaqus program; standard/implicit axgblicit. Implicit procedure includes the
ability to simulate both static and dynamic struatyproblems. While explicit procedure is
available only to structural dynamic problems. Miafedegradation and failure often lead to
severe convergence difficulties in implicit anasyprocedure; as cracking of concrete causes
such a problem; tensile cracking makes the matstifthess a negative value. In the present
study the implicit model was used to simulate therall modeling of the bridge (concrete
deck and beams), as the implicit model does notagortonvergence problem in concrete
when simulated using shell and beam elements.drother side, Abaqus/explicit is a quasi-
static method which is characterized by the absehaeglobal tangent stiffness matrix, which
is required with implicit methods. Since the statiethe model is advanced explicitly,
iterations and tolerances are not required [Ba2@0i8]. Therefore, Abaqus/explicit procedure
is more reasonable to be used when simulating é&m as a plane grid of plane stress
and truss elements as shown in Figure 11.1.21. gimsi-static response was attained by
keeping the kinetic energy level below 1% of th&altenergy level of the whole model.

However, because Abaqus/explicit is a dynamic algrogram, oscillatory response was
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inevitable even in the quasi-static solution. Theg}-static results were generally obtained
when the time step periods were greater by 5 tioremore than the slab natural period
[Abdullah 2007]. The curve was at last smoothergdgithe smoothing function available in

ABAQUS/explicit to eliminate the oscillation effeathile it keeps all amplitudes and trend of

curves intact.
[1.1.3.4 Verifications

Simulation of FRP strengthened RC elements using KEEere employed in many previous
studies such as: Hiat al (2006), Obidatet al (2010) and Chert al (2010). The studies
include reviews of FRP strengthened RC beams tastedy four-points loading test and
numerical simulation of these beams. Examiningltiael deflection curves of the simulated
and tested beams shows that the FEM models arbleagfgpredicting the structural behavior
of FRP strengthened RC beams, since a very goatiagnt between the experimental and
numerical simulation results is observed. Corondbogez (2006) employ several numerical
simulations of 11 tested FRP strengthened RC beainesbeams include specimens failed by
different failure modes: concrete crushing, FRPodelng and FRP rupture. Results of the
study present a good agreement between resultsieegotal and numerical simulations. In
addition, the authors investigate additional nus@rsimulations to show the sensitivity of
the structural behavior of the FRP strengthenedoB&n with respect to four parameters of
the concrete: tensile strength, fracture energgit® softening and angle of dilation.

Results of the sensitivity analysis performed byr@hdo & Lopez 2006] conclude
that the value of the concrete tensile strengtmioesignificant effect on the peak load and the
failure mode, while a slight increase in the sea had been observed with respect to the
tensile strength of the concrete. The type of thecrete tension softening model (linear,
bilinear and Exponential), shown in Figure 11.1.Xb slight effect on the peak load and
deflection is observed. In addition, beams failgd doncrete crushing are insensitive to
changes in the concrete fracture energy. The &aiode and the peak load of beams failed
by plate debonding are significantly affected by tmagnitude of the concrete fracture
energy, as low values of the concrete fracture@negsults in premature plate debonding.
Moreover, beams failed by concrete crushing arensisive to changes in the concrete angle
of dilation. In contrast, the failure mode and peak load of beams failed by plate debonding
are significantly affected by the angle of dilatias low angle of dilation results in plate
debonding. Conversely, high angle of dilation ilmses the peak load. Very good results are

attained when using an angle of dilation of.30
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[1.1.4 CONCLUSIONS

The present chapter was divided into two main parts

The first part outlines the most important failuredes that will be considered in the
reliability analysis and the most accurate modat ttan predict the ultimate capacity of the
FRP strengthened RC beams. Two flexural limit statere considered; flexural and shear
limit states. For flexural limit state, four of sikexural failure modes were considered:
concrete crushing, FRP rupture, FRP intermediaaekcdebonding and FRP end debonding
based shear crack. While two failure modes wilhbglected: FRP interfacial end debonding
and concrete cover separation. These two failurdengan be avoided using some design
considerations (e.g. using anchoraged end laminates

The second part gives all the principles of the dAlsfinite elements software — materials,
elements, modeling...etc — used to simulate the tstreicperformances. Such these
performances are considered as the first step tswtre reliability analysis based neural

network applications which will be discussed in thikowing chapters.
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PART |lI: STRUCTURAL RELIABILITY OF FRP
STRENGTHENED RC BEAM

Chapter 11.2: Structural analysis using neural roeks
applications

11.2.1 GENERAL

In the reliability analysis, if the performance @tion is known with an analytical explicit
function of design variables, the reliability arsby can be preformed easily. Certain
deterministic calculations (such as the calculatismg finite elements or finite differences
methods) cannot be obtained from an explicit aragd/form of the performance function. In
this case, methods such as surface response mathothe neural network applications are
used to approximate the analytical form of the genfance function.

The response surface method is used to approxithatetructural performance by an
analytical expression. The choice of polynomial ragpnation is classic in the structural
reliability. A polynomial of the second order isalized from the non-linearity of the exact, or
reference, performance in certain ranges of thegdegariables. The following surface
response quadratic function was used to approxirtfaestructural performance (y) as
function of the design variables, (=1, 2, ..n):

n n n
y=ag+ D, g+, > %X, (11.2.1)
i=1 i=1j=1
wherea,, & andbj are coefficients found from a number of referesicectural performances
obtained using the finite elements method by amgivalues of a dataset of the variabkes
using a regression based on the least square medwsoerally, application of the response
surface method is used in iterative procedure.

Surface response quadratic function was used inyretiactural reliability applications
with an acceptable accuracy [Soaeesl 2002; Massih 2007; Gavin & Yau 2008; Wosigal
2005]. However, surface response method may hawventain disadvantages. First, all its
applications are recommended with a small numberanfiom variables, typically 3-5. If
larger number of random variables are considerethfrer of variables in our case is 6-8), the
time cost of generation of the response surfacddvoobably blow up. Second, the accuracy
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may be completely lost especially in case of penéorce function with high nonlinearity.
Recently, neural networks work as powerful integtioh tools were used instead of
guadratic response functions to approximate thestral performance function, as the neural
network can produce reliable output values for aput at low time cost. In the present
study, we use the neural network applications tfop@ the reliability analysis to avoid time
cost and accuracy problems that may probably bdumexd when using response surface

method.
[1.2.2 INTRODUCTION TO NEURAL NETWORKS

Artificial neural networks are computational modbleadly inspired by the organization of
the human brain. The most important features ofwal network are its abilities to learn, to
associate, and to be error tolerant. Unlike conwaat problem solving algorithms, neural
networks can be trained to perform a particulak.tasis is done by presenting the system
with a representative set of examples describiegtbblem, namely pairs of input and output
samples; the neural network will then extrapolatemapping between input and output data.
After training, the neural network can be usedecognize data that is similar to any of the
examples shown during the training phase. As aroitapt intelligent computation method,
neural network has been applied to a wide ranggplications such as: curve fitting, pattern
classification, nonlinear system identification...efst the most abstract level, a neural
network can be thought of as a black box, whera datnputs is fed in on one side, processed
by the neural network which then produces an outpliihough a neural network can usually
process any kind of data, e.g. qualitative or gtetite information, the data fed into the
neural network should be preprocessed (e.g. fdtetansformed) to enable faster training
and better performance. In fact, the selectiompn@@essing, and coding of information is one
of the main issues to deal with when working witural networks. Figure 11.2.1 shows the

functionality of the neural network.

Neural
Inputs Network Output

Figure 11.2.1: Neural network.

A closer look at the black box reveals that itgiface to the outside world consists of an

input layer and an output layer of neurons. Theroresi are the processing units within the
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neural network and are usually arranged in layeng. information is propagated through the
neural network layer by layer, always in the sarrection. Besides the input and output
layers there can be other intermediate layers ofams, which are usually called hidden
layers. Neural networks may have more than oneubultyt in our cases we will perform the
analysis considering neural networks with one outpigure 11.2.2 illustrates the simplified

architecture of a neural network.
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Figure 11.2.2: General Architecture of Neural Network.

11.2.3 ELEMENTS OF SIMPLE NEURON

A neuron collects information from all precedingunens relative to the flow of the
information and propagates its output to all thaeroes in the following layer. The output of
each preceding neurgnis modulated by a corresponding weight vectgrgnd bias before
affecting the activity of the neuron. This procéssealized by the formula, whens=w'p+b
represents the activity of the neuron. This agtiistthen modified by activation or transfer
functionf(.) and becomes the final output of the neuasf(n)=f(w'p+b). This signal is then
propagated to the neurons of the next layer. Figu2e3 depicts this process. Connections are
the paths between neurons where all the informdkmovs within a neural network. Often the
neurons of two succeeding layers are fully intenamted, but there might exist additional

connections going to further layers or even missmgnections between certain neurons.
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Figure 11.2.3: Single neural components.

11.2.3.1 Inputs values, weights and biases

Each connection is equipped with an individual weigector and bias that modifies the
signal flow on the respective connection. The wewbrks as a factor by which the output of
the preceding neuron is multiplied. The bias waksa fine adjustment by which the product
of weight and output from the preceding layer idext This means that information is stored
and distributed within a neural network and evemanidestruction of some of the weights

and biases will have large effect on the recaleafned information.

[1.2.3.2 Activation function

Activation functions, known also as transfer fuans, are the processing units of a neuron.
These functions can be linear or non-linear. Fduhe most common transfer functions are

depicted in Figure 11.2.4:
(a) Hard-lim (b) Pure-linear (c) Log-Sigmoid (d) Tangent-Sigmoid
1 1 ‘ 1

10

Figure 11.2.4: Activation functions.

The mathematical formulation of the above functiengiven as follows:
if n<0

0
Hard-lim: a= ]
1if n=0

Pure-lineara=n

Log Sigmoid:a =
1+e™ "
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n__.-n
Tangent Sigmoida = € "¢

el +e™"

11.2.4 MULTI-LAYER NEURAL NETWORK

Multi-layer neural network represents a generabzrabpf the single neuron as described in
Figure 11.2.2. The capability of multi-layer neuna¢twork stems from the non-linearity that
exists in neural cells. The general structure ef ieural network consists of three types of
layer:

* Input Layer: A layer of neurons that receives infation from external sources, and

passes this information to the network for proaesgsi

* Hidden Layer: A layer of neurons that receives limfation from the input layer and

processes them in a hidden way. It has no direshexctions to the outside world
(inputs or outputs). Each of the hidden layers im@® a number of neural cells, each
of these neural cells is connected with all theraleaells in the previous and the
following layers in the neural network.

» Output Layer: A layer of neurons that receives pssed information and sends output

signals out of the system.

As shown in Figure 11.2.5, the inputs of the filayer and output of the last layer are the
input variables and the desired output respectivighg inputs of an intermediate layer are the
outputs of the previous layer. For instance, inecasultimate limit state, the input of the
neural network may be the material properties (estpel, concrete and/or FRP
modulus/strength), dead load, live load, geomdtdaaensions of the beam...etc. while the
corresponding output is the maximum strain in steehcrete or FRP material. The same
inputs may be considered in case of severabilityt Istate considering the desired output is
the maximum deflection of the beam.

Connections between the neural cells are repratséytthe weights. Bias acts on a neuron
as an offset, its function is to provide a thredhok the activation of neurons. The bias input
is connected to each of the hidden and output msuiro a network. The output vectarof
layer ) can be expressed as:

a = fi(wig. ai"1+bi) (1.2.2)

Ri

wherea™ is the output vector of the previous laye#.. . is weight matrix between laye) (
S

R

and (-1), the size — rows and columns - of the weightrixa equal toSR. S is the number
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of neural cell in the layei) R is the inputs number of the layé). @' is the bias vector with
length equals t8. f' is a vector, with lengts, comprising the non-linear activation functions
of the layer K.

The phase when sample patterns of a certain proaterpresented to a neural network is
called the training phase. During training, the gi®s and biases of the neural network are
adjusted so as calculated output match desiredub(tp. theoretical or reference value of
output). Generally, training depends on the typthefneural network and on the problem it is
aiming to solve; either a supervised or an unsugedvmethod can be used for adapting the
weights. In both cases however, training start$ witrecall where the input is propagated
through the neural network and all its neurons gkaheir activity accordingly. A supervised
training is typically chosen when the neural netsrable to map input to desirable output
patterns. This requires that the output to a givguit is known. After the recall phase, the
calculated output of the neural network is compaoadhat the resulting actual output pattern
should be. The observed difference is used to atepteights and biases.

The adaptation of the weights starts at the outputons and continues downward toward
the input layer in a looping algorithm called Bgmiopagation (see Figure 11.2.6). The weight
and bias adaptation for one pattern often doesoméct the neural network's faulty response
completely, but improves it. Then the next inputtgra is chosen and the whole process is
repeated until the overall response of the neueaivork is satisfying. Many iterations are
required to train small networks, even for a simpleblem. In the present study, the
maximum time required to train neural networks waserved about 3 to 4 minutes using
Matlab neural network toolbox. It is important tefidhe the point where the training is
terminated, because sometimes it is possible totoa®m a neural network. Namely, at some
point the neural network starts to memorize exdtitytraining examples with their inherent
noise and later on it will not be able to genermfiom the trained examples to new patterns

presented during supervision recall.
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The objective of the learning process is to tramnetwork so that the application of a set
of inputs produces the desired or at least a cmmdiset of outputs. During training the
network weights gradually converge to values suwt each input vector produces the
desired output vector. The learning of a neuralvogt is composed of two passes: forward
pass and backward pass. In the forward pass, phe signal propagates through the network
in a forward direction, on a layer-by-layer basihwthe weights fixed with any initial values.
Next, the network evaluates the errors betweenléiseed output vector and the actual output
vector. While in the backward pass, the measurext & propagated in a backward manner.
The weights are adjusted based on an error-casreatie. This process is generally referred
to as “error back-propagation” or back-propagafmmshort. The adjusted weights and biases
are then used to start a new cycle. A back-propagat/cle, also known as an epoch, in a
neural network is illustrated in Figure 11.2.6. Frfinite number of epochs the weights and

biases are shifted until the deviations from thgots are minimized.

Input-output
pait

Input vector

A 4

Update Forward Output vector
weiahts & propaaatio (target)
A
A 4
Learning rule Evaluation |

of errol

Back

propaadatio

Figure 11.2.6: Back-Propagation Cycle.

[1.2.5 DEFINING OF A NEURAL NETWORK PATTERN
[1.2.5.1 Architecture of a neural network

Generally, there are two main characteristic valmest be known before training the neural
network: (1) number of hidden layer in the neurgwork and (2) the number of neural cells
in each of these layers. The choice of the numbdridilen layer depends on the size of
input/output vector, size of training, validationdatest datasets and the non-linearity of the
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problem. One rule proposed by Lachetermacher &F(ll995), suggests that the number of
the hidden layera™ for one output is a function of the number ofriiai) samplesir and of
the number of input variables,: 0.1In""<n"(ny+1)<0.3wr For limited number of data
within the training dataset, it leads conservativied one hidden layer. However, neural
network with two hidden layers are necessary toesgnt an arbitrary decision boundary to
arbitrary accuracy with rational activation functso and can approximate any smooth
mapping to any accuracy. There is currently nordtgzal reason to use neural networks with
any more than two hidden layers.

The next question is related to the neural netveockitecture is the choice of the number
n'* neurons in each of the hidden layers. The choiteneurons number is not a
straightforward question. Using too few neuronsthie hidden layer will result in under-
fitting: the neural network is unable to adequatidyect the signals in a complicated data set.
Using two many neurons in the hidden layers onctirdrary will result in over-fitting; the
neural network has so much information processimgacity that the limited amounts of
information contained in the training set is nobegh to train all of the neurons in the hidden
layers and the time required may inadequately as#eSo, it is necessary to find a balance
between too many and too few neurons in the hididgers. Examples of rules for
determining the correct number of neurons in tidelén layers as a function of the input and
output variables are cited by [Heaton 2005; Co&t&kastac 2005]:

nNEO[ngy.ny]  (Assuming thaty,>ns,) (11.2.3a)
nNL:%nN+nW (11.2.3b)
nNE < 2n,, (11.2.3c)

Jnivnoy —2< nNt < fnyngy + 2 (1.2.3d)
Upadhyaya & Eryurek (1992) propose a relation betwthe total number of the weighit
and the number of training sampl#$nr.log(nrr). These rules provide a starting point but,
definitely, the choice of neural network architeetwill generally come down to trial and

error procedure.
[1.2.5.2 Matlab neural network toolbox

Matlab (version 2011a) neural network toolbox wasdito establish the structural response
function based neural network algorithm. Matlabréui@n 2011a) neural network toolbox
allows changing the transfer function at each layéural networks using matlab neural
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network toolbox can be constructed, trained, vadidatested and used according to the six
following steps:

1. Input and output data processing. Matlab neural network accepts input data and the
output data are organized in two matrixes; inputrix@Xx] and output matrixY]. Length of

[X] and [Y] equals to the number of the available trainingnslesnrr. Matlab automatically
processes the inputs and output dataset througtegsmg functions as shown in Figure
[1.2.7. These functions transform the input andj¢arvalues you provide into values that are
better suited for network training. Such these fiomcis ‘mapminmaxwhich normalize the
input/output data to fall in the range [-1,1]. Regd matlab code to perform data processing
can be writing in the following syntax:

[pn,ps]=mapminmax(X);

[tn,ts]=mapminmax(Y);

Another function can be used mapstd which is used to normalized the data to haveaeha
zero mean and unity variance, whegoa|[and fn] are the processed input and output matrices
respectivelyps andts are the process settings that allow consisterggssing of values for

input and output dataset respectively.

| Pre- Neural Post-
Inputs ' . > > . —+» Output
: processing network processing

Figure 11.2.7: Pre/Post-processing of input/output dataset.

2. Network creation. Feed forward neural network can be constructedigushe
command hewff as:

Net1=newff(minmax(pn),minmax(tn),[6,3],{'logsig’,'| ogsig'},'trainbr');

The above syntax must contain the input and thegsses matrices. In addition the number
of the layer and the neurons number in each layest ioe defined. The length of the matrix
[6,3] express the number of the hidden layer inrtharal network, while the value of each
element in this matrix gives the number neuronsdoh layer. For instance, the above code
establishes a neural netwotietT with two layers. The first layer composed of sigurons
with ‘logsig transfer function. The second layer composedhoéd neurons withlogsig
transfer function. The termtrainbr’ assign the Bayesian regularization train algonitto
perform training process. This algorithm updatesgiws and biases values according to
Levenberg-Marquardt optimization method. Thereadreut twelve back propagation training
algorithms available in Matlab neural network ta{bTry and error was used to differentiate
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between these training algorithms. It was found thrainbr’ is the best training algorithm
that could reach training the network in minimurqueeed time.
3. Data divison. Dataset must be dividing into three differentegaties; training,

validation and testing as follow.
Netl.divideFcn ='dividerand’;
Netl.divideParam.trainRatio=0.7;
Netl.divideParam.valRatio=0.15;
Netl.divideParam.testRatio=0.15;

where the optionNetl.divideFchspecify the dividing function of the dataset dshble for
neural network Netl. Matlab provides different dimg functions such aslividerand which
divide the dataset in random procedure. Dividingctions are controlled by three parameters.
These parameters assign the ratio of each diviSiba.default ratios are 0.6, 0.2 and 0.2 for
training, validation and testing division respeetw

4. Initialize the weights and biases. Before starting training of the network. Initisdlues

of weights and biases associated in the networktlNenust be specified. Matlab

automatically initiate weights and biases throughfollowing command:
init(Netl);
5. Train the network. Matlab neural network toolbox allows to the penfance of the

network during training process by using the follogvcode:

net.trainParam.showWindow=true;

During training, there are two methods to evalubé&serror in the output values obtained
by the network with respect to the target outpdties The first is the mean square error
performance functionmse. The second is the summation of square erroroperdnce
function ‘sse! The latter method was used in the present studlycan be performed in
matlab using the following syntax:
net.performFcn="sse’;

Generally, training process required two parametypses. The first is general tainting
parameters. These parameters are required to itopng process when any of them is
reached. The following code lines present thesampeaters with a brief definition after

comment Matlab sigr®’,

net.trainParam.epochs=1000; % maximum number o f epochs to train
net.trainParam.time=120; % maximum time to train in seconds
net.trainParam.goal=0.0001; % Performance goal of ‘sse’ function
net.trainParam.min_grad=1e-20; % Minimum performa nce gradient
net.trainParam.max_fail=10; % Maximum validati on failures
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Figure 11.2.8 shows the neural network window, wWiedow shows that the data has been

divided using thedividerand’ function, and the Bayesian regularizatidrainbr’ training

method has been used with the summation of squere‘sse’ performance function. Matlab

terminates the analysis as the performance funcgaches the goal value. In addition, the

analysis will be ended when the training time, gador the number of validation checks

reaches a specific value even the performancefgoetion did not be reached. As presented

in the above Matlab code lines: the training wal terminated if the time of the training or

number of validation checks reaches 120 secondd4Oorespectively. The number of

validation checks represents the number of sucmesgerations that the validation

performance fails to decrease. Also, the magnitatlehe gradient and the number of

validation checks are used to terminate the trginithe gradient will become very small as

the training reaches a minimum of the performaitels, if the magnitude of the gradient is

less than 1e-20, the training will stop.

J\ Neural Network Training {nni‘raintool}.'! - L

Neural Network

La.

Algorithms

Progress

Training: Bayesian Regulation (trainbr)
Performance:  Sum Squared Error
Data Division:  Random (dividerand

ﬁb Training neural networl..

Epoch: | 114 iterations 1000
Time: 0:00:00 |0 0:00:23 0:02:00 |
||  Performance; 510 |L 0.0129 | | o.00100
Gradient: 100 i 1 0.458 1.00e-20
Mz 0.0714
| Validation Checks: (| 31 1000
Mum Parameters: 141 41,7 MNalN
ll Sum Squared Param:  2.05e+03 143 MaM
Plots
Perfarmance | plotperf
| Training State | plottrainstate
Regression | (plotr
Plot Interval: | J lepochs

| @StopTraining H aCanceI |

"

Figure 11.2.8: neural network training window.

The second type of training parameters are dependbe optimization method of the

training algorithm used to train the network. Harghe parameters that should be associated

149



I1.2: Structural analysis using neural networkslegagpions

with the training algorithm are as follow:

net.trainParam.mu=0.005; % Marquardt adjust ment parameters
net.trainParam.mu_dec=0.1; % decrease factor for mu
net.trainParam.mu_inc=10; % increase factor for mu
net.trainParam.mu_max=1e10; % maximum value fo r mu

‘train’ function is used to start training process. Aswh in the following matlab code,
‘train’ function takes three parameters: the initiallgated neural network, input data and
output processes dataset. The outputrafi’ function is the trained neural network.
Netl=train(Net1,pn,tn); Figure 11.2.9 presents the result network trainifige three axes
represent the training, validation and testing dalte dashed line in each axis represents the
perfect result (i.e. outputs=targets). The sol@ Irepresents the best fit linear regression line
between outputs and targets. TRgalue is the coefficient of correlation betweea tutputs
and targets. As shown in the graph, the trainirtg dalicates a very good fit. The validation

and test results also sh&walues that greater than 0.95.

m Regression (plotregression) %‘
Training: R=0.99933 Validation: R=0.98712
1 5] -
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Figure 11.2.9: Neural network training, validation and testinguks.

6. Using of the network. If a new dateD want to be simulated using the trained neural

network, the following statement can be used toutate the corresponding outpus.may
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be a set of variables:

Res=mapminmax(reverse',sim(net,mapminmax(‘apply',D',p S)),ts);

11.2.5.3 design of experiments

Although, the neural network is capable to prediatertain response, the accuracy of the
predicted responses are strongly related to ti@rigadataset. Thus, the values of inputs to be
simulated using the network should be within thegeaof the training dataset. The purpose of
this section is to focus on the concept of desigexperiments required to define the range of
dataset used for training process. Generally, ttper@mental design is able to prepare a
proper plane to sample the response levels atreliffevalues of the inputs variables. For
simplicity, the experiments are usually initiatetbund the mean values of the design
variables (input of the neural network).

There are several experimental designs availasleht responses assigned. Such these
experimental designs methods are the factorialgdegtaravelli 1989; Bucher & Bourgund
1990; Maymon 1993; Wonet al 2005]. However, it should be noted that, in faetodesign
the total number of experiments increase exporignteith the number of the random
variables. As a result it leads to unacceptably lwmgmputational costs. In order to reduce the
number of experiments, Bucher & Bourgund (1990)ppe®d a design that consists of the
axial points only, where the total number of expenmts is B+1: n is the number of input or
random variables. For convenience, this desigerimed as “8+1 axial-point” design in the
present study. Schematic representationrsfl2axial-point is shown in Figure 11.2.10 for a

two design variables. The axial points that lienglthe axis can be represented as:
x| =x? tho; (1.2.4)
wherer is the experimental point number on the axi@xcluding the centre pointk’is the

centre point of the evaluatios.is the standard deviation of the random varialbeis a user-

defined parameter.
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Figure 11.2.10: 2n+1 axial point design.
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It has been suggested that the centre point i® ¢be mean values of the random or input
variables as an initial guess in the reliabilityolpem [Bucher & Bourgund 1990]. The
purpose of the reliability analysis based neurdivoek is to verify the reliability indexg
obtained using First Order Reliability Method (FORM index corresponds the co-ordinates
of the most probable design point obtained by FO®RNMch will be explained in the next

chapter. Thus in our case, tkgvector will be equal to the co-ordinates of the trpyebable

design point [Lemairet al 2009]. Another experimental design scheme knowfaet®rial
design, called also hyper-cube, with ordeis2shown in Figure 11.2.11b [Soares el 2002].
The advantage of this scheme is the capabilityeteecate interactions between the sampling
axes. In the present study, the mixed design Figitd 1c was used to reach more accurate
responses obtained by the neural network. In amgitnultiple levels of the mixed design
were considered, each of these levels is consttustéh different values oh; herein, we

assume that the value of the parambtemnges between 1~5.

(a) 2n+1 axial design  (c) 2" factorial design (bpn+1 & 2" Mixed
A

° ° ° °
—e o> > —e o »
° ° ° °

Figure 11.2.11: Different sampling methods.

In the present study, neural networks were usegbpooximate the values of the structural

responses. As they were used to predict:

» Loading actions (bending moment or shearing forges) certain point in the RC

beam

» Strains in different positions of FRP strengtheR&ti beam: in concrete, adhesive

layer and FRP material

» Deflection required for the serviceability limitas¢ function at mid span of the RC

beam.
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[1.2.6 CONCLUSIONS

Surface response method is the most widely regnedsnl. It is used to represent an explicit
function of a structural response based on progidinlataset of reference responses and their
corresponding variables. However, the accuracyespaonse surface method is limited by
certain factors such as the number of variables;limearity nature of the problem. Thus,
neural network applications were used recentlyemstof the response surface method, as
neural network can provide an acceptable accuraey with high number of variables and
high nonlinearity.

The purpose of this chapter was to introduce a&lllthsic fundamentals and the necessary
aspects required to establish a structural respometion using neural network applications.
For example we touched the each individual comppngeneral architecture, training,
validation and testing of a neural network.

An important aspect, covered here, that is prigdhtestablishment of a neural network is
the concept of design of experiments. Basicallig tloncept is an important step that is used
to define the each point of the dataset requirddaio the neural application. Two methods of
experiments, axial and hyper-cube, design were tegether to provide a robust regression
tool. In addition the chapter presents the brigéitke about the use of Matlab neural network

toolbox provided in Matlab software.
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PART |lI: STRUCTURAL RELIABILITY OF FRP
STRENGTHENED RC BEAM

Chapter 11.3: Structural reliability aspects

[1.3.1 DEFINITIONS
[1.3.1.1 General

For many years it has been assumed in design wétstal systems that both loads and
strengths are deterministic values. The strengthnoélement was determined in such a way
that it exceeded the load with a certain margire Tdtio between the strength and the load
was denoted the safety factor. This number wasideresl as a measure of the reliability of
the structure. In codes of practice for structgsatems values for loads, strengths and safety
factors are prescribed. These values are tradiljodatermined on the basis of experience
and engineering judgment. However, in new codesigbasafety factors are used.
Characteristic values of the uncertain loads aststa@nces are specified and partial safety
factors are applied to the loads and strengthsraeroto ensure that the structure is safe
enough. The partial safety factors are usually dase experience or calibrated to existing
codes or to measures of the reliability obtainegbtmpabilistic techniques.

Reliability of structural systems can be definedhas probability that the structure under
consideration has a proper performance throughsuifétime. Reliability methods are used
to estimate the probability of failure. An importastep in a reliability analysis is to decide
which quantities should be modeled by stochasti@mlikes and which should be modeled by
deterministic parameters. The stochastic variables denoted aX=(Xy,..., X;). Typical
examples of basic variables are loads, strengthmergions and materials. The basic
variables can be dependent or independent. Stalgelrability problem may have different
types of uncertainty such as: loading, geometricaterial and analysis uncertainties.
Generally, methods to measure the reliability cftaucture can be divided in four groups
[Ditlevsen & Madsen 1996]:

» Level | methodsThe uncertain parameters are modeled by one diaistic value, as for
example in codes based on the partial safety factocept.
* Level Il methodsThe uncertain parameters are modeled by the meahres and the

standard deviations, and by the correlation caefits between the stochastic
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variables. The stochastic variables are implictdgumed to be normally distributed. The
reliability index method is an example of a levainlethod.

* Level lll methods The uncertain quantities are modeled by theintjadistribution
functions. The probability of failure is estimatasla measure of the reliability.

* Level IV methoddn these methods the consequences (cost) ofdadite also taken into
account and the risk (consequence multiplied bypitmdoability of failure) is used as a
measure of the reliability. In this way differergsigns can be compared on an economic
basis taking into account uncertainty, costs amfis.

Level | methods can e.g. be calibrated using lévehtethods, level Il methods can be
calibrated using level Ill methods, etc. Level fidalll reliability methods are considered in
these notes. Level IV is out the scope of the prteskthe study.

[1.3.1.2 Random variable

There are many ways to specify probabilistic chargstics of systems under uncertainty.
Random variables are measurable values in the Ipitdlpespace associated with events of
experiments. Accordingly, random vectors are secgeemf measurements in the context of
random experiments. A random varialMetakes on various values within the range -
w<x<co, A random variable is denoted by an uppercasereind its particular value is
represented by a lowercase letter. Random varialoéesf two types: discrete and continuous.
If the random variable is allowed to take only d&e valuesxi, Xz, Xs,....%n, it is called a
discrete random variable. On the other hand, ifrédmelom variable is permitted to take any
real value within a specified mathematical exprassit is called a continuous random
variable. Data description using maximum and mimmualues only is not sufficient.
Additional parameters are needed to accurately ritbes¢he properties of the variable
mathematically. In this section, elementary sta@gtformulas and random variable are
briefly described in order to facilitate an intration to the following sections.

Mean: This is the most likely value of the observatioRer a random variablé, the mean

value,uy, is defined as:
1
Ly =;in (1.3.1)

wheren is number of observations, aKdis the set of observations.
1. Standard deviation: Standard deviationsx, estimates the dispersion of data from the

mean value and can be expressed as:
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(11.3.2)

Another expression used to measure dispersion r@ihdom variable is the varianc®xf

which equals tor% .

2. Coefficient of Variation: Coefficient of variationVy is calculated as
cov, =2 (11.3.3)
X
3. Bias: Bias,1x is the ratio between the meagnto the nominal value of the variable
- HX
Ay =X 11.3.4
X% (1.3.4)
where X, is the nominal value of variable.
4, PDF & CDF functions: If a large number of observations or data recerdst, then a

frequency diagranor histogramcan be drawn. A histogram is constructed by di\gdine

range of data into intervals of approximately sanisize and then constructing a rectangle

over each interval with an area proportional toribeber of observations that fell within the

interval as shown in Figure 11.3.1. The histograna iuseful tool for visualizing characteristics

of the data such as the spread in the data antidosalf the rectangular areas are normalized

so that the total sum of their areas is unity, tthenhistogram would represent the probability

distribution of the sample population, and the wate would represent the probability

density The probability that a randomly chosen sample falllwithin a certain range can be

calculated by summing up the total area within tlaaige. In this sense, it is analogous to

calculating mass as density times volume where

Probability=Probability densityx Interval size (1.3.5)

T T
I

25 histogram of (x) dat
— PDF of (x)

2

15

Density

Figure 11.3.1: Histogram of random variable x.
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There are an infinite number of values a continwaargable can take within an interval,
although there is a limit on measurement resolutdne can see that if the histogram was
constructed with a very large number of observatiand the intervals were to become
infinitesimally small as the number of observatignew, the probability distribution would
become a continuous curve. The mathematical fumdtiat describes the distribution of a
random variable over the sample space of the aomti® random variableX, is called the
probability density functio®®DF and designated &gx) (see Figure 11.3.1). ThEDF is only
defined for continuous random variables. If an rvaé [a,b] of the random variable is
specified as shown in Figure 11.3.2, the probapitif X falling between 4,b] is obtained by
integrating thé®>DF over this interval as :

b
p(a< X <b) = j f (X)dx (11.3.6)

a

£ ()

>

a b
Figure 11.3.2: PDF of X.

Another way to describe the probability distribatifor both discrete and continuous
random variables is the Cumulative Distribution &ion (CDF), Fx(x). TheCDF is defined
for all values of random variablésfrom o to . For a certain valug, of a random variable
X the CDF is equal to the probability thatis less than or equal to a realized valuEigures
I1.3.3a & b show graphical representation of BFH2F and the correspondir@DF function of
random variableX respectively. For a continuous random varialblgx) is calculated by
integrating thé?DF for all values oiX less than or equal to

X
Fe(X) = | fx (Xdx (11.3.7)

A Cumulative Distribution Function is everywherenaoegative and the summation of all
probabilities over the entire design space is etudl i.e. 100% probability. The probability
for X falling betweeno andx; is referred to aS€DF:
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p(—o0 < X < Xx1) =Fx(X) = ffx (X)dx (11.3.8)
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Figure 11.3.3: Histo;&ram of random variabkij

In evaluating structural reliability, several typek probability distributions are used to
model the design or random variables. Selectiothefdistribution function is an essential
part of obtaining probabilistic characteristics sifuctural systems. The selection of a
particular type of distribution depends on:

* The nature of the problem

* The underlying assumptions associated with theilligion

* The shape of theDF andCDF curves obtained after estimating data

» The convenience and simplicity afforded by the ridistion in subsequent

computations
The most common distribution is the Normal, alsown as Gaussian, distribution. The

PDF for normal random variabl¢ are expressed mathematically as:

1 1 x—-u 2
- _ ~ HX
fx (X)= x\/z_ex{ 2( § j ] (1.3.9)

whereux andoy denote the mean and standard deviation of thablaX, respectively, an&X

is identified asN(ux,0x). The density function and corresponding pararsetdr normal
distribution are shown in Figure 11.3.4. TR®F of the Gaussian distribution is also known as
a bell curvebecause of its shape in the graph. The Gaussitnbdigon is symmetric with

respect to the mean and has inflection points=aitkox, wherek is any positive number.
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The areas under the curve within one, two, andetlstandard deviations are about 68%,
95.5%, and 99.7% of the total area, respectively.
@ 1{K)

(b)

FX ()i) ””””””””””

X X
Figure 11.3.4: Normal Density Function.

The Gaussian distribution can be normalized bynitgfi a new dataset;, Uy, Us,...uUn
based on the basic dataggtxy, Xs,...,Xn. Normalization is carried out usingg=(x-ux)/ox and
yields the standard normal distributid{f0,1). The density function of a standard normally

distributed variabléJ is given by:

1 -u?
fx(x):mexr{ 5 J (1.3.10)

There is no closed-form solution for t&@®F of a Normal random variable but tables have

been developed to provide values of @ieF for the special case in whighk= 0 andox=1.
These tables can be used to obtain values for angrgl normal distribution. For convince,
the notationsb(X,ux,0x) and@(X,ux,0x) expresses thEDF and PDF values receptively of a
normal random variableXj with mean fx), and standard deviation, while ®(x) andg(x)
expresses th€DF and PDF values receptively of the variablX)(with standard normal
distribution;ux=0 & ox=1.

There are many types of density distribution sushLag-Normal, Uniform, Extreme
Value... etc. Any random variable must be definechgsits individual parameters and
density distribution. In most cases, such thesameters are related mathematically to the
mean and the standard deviation of the variablepdtties and parameters of all other
probability distributions used in the present stadlg given in Appendix B. In the present
study, Matlab statistics toolbox was used to penf@il the required statistical calculation
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such as:

* The statistical properties of random variable sagimnean, standard deviation, etc.

» Calculation theCDF andPDF values for a random variable.

» Fitting the distribution of a random variable bas&da large dataset of this variable.

It is meant by fitting the distribution for giverbservations of a random variable is to
choose a certain distribution and the correspongiagmeters of this distribution. Matlab
software was used to the maximum possible disiobhuthat can accurately simulate these
observations of the random variable. To be abldemde which distribution is better for a
particular random variable, the difference betweaetual observation values and the fitted
theoretical distribution values is quantified. T@ai-Square test is often used to assess the
“goodness-of-fit” between an obtained set of fregues in a random sample and what is
expected under a given statistical hypothesis. sk@ps to be followed to determine the most
accurate distribution of a random variable are giveAppendix B.

5. Coefficient of correlation: statistical analysis of dataset of two randomaldes may
show a correlation between them. For two datagetsx, Xs,...., X,) and {1, V2, ¥s,...., Yn) Of
two random variableX areY are given, the coefficient of correlation betweéeo random

variables fx y) can be estimated as:

n
[ZXiYi]_n,UX,UY
1 i=1

1-n Ox 0Oy

Py = (11.3.11)

wheren is the number of samples in the dataggtanduy are the mean values ¥fandY

respectivelyox andoy are the standard deviationXfndY respectively.
11.3.1.3 Isoprobabilistic transformation

The calculation of reliability indeg requires transformation of the random variable vector
{X} from the physical variable space to standardtered and independent variables which
will be discussed in this section. As previouslyimkd that, the reliability of a structural
element is defined by the knowledge of the limitasG(x1, X, X,)=0 which is function of a
chosen random design variables and other detetminigsign variables, the later are called
limit state function parameters. A representatibthe limit state function — for a simplified
case with two variables — in the physical variagdpace is given in Figure I1.3.5a. As shown,
the limit state separate the physical variable donmo two sub-domains, the safety domain

and the failure domain which can be expresse@(a$>0 andG(x;)<0 respectively.
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The measure of the reliability index must be penied in a standardized Gaussian space
as given in Figure 11.3.5b [Lemairt al 2009]. Thus, the limit stat&(x) must be redefined
using the standardized spadéu;) instead of the physical space using the transdaonT.
Each corresponding variablg in the standardized apace are non-dimensionalnaunst be

represented as standard normal variable wit® ands,=1:

u =Ti(x) > H(u)=G(T (%)) (1.3.12)
. A
x, | unsafe domain Gx x,)=0 U» unsafe
domair
safe domain
............ O ... = S H(1)=0
/ 5 safe
] uy, | 1 domair B
: P X1 O > Uy
(a) Physical space (b) Standardized space

Figure 11.3.5: Transformation of physical space into standardseate

Transformation depends on the correlation betwéen ariables. For non-correlated
variablesX; with a distributionFx;(x), it is possible to express transformatibby writing the
equality of cumulative density functions for valiedx, andu; and hence the isoprobabilistic
transformation:

x 00 - u; defined by: ®(u;) = Fy. (%) (11.3.13)
and therefore:
x 00 - u =0 (Fy (%)) (11.3.14)

If Fx; isinvertible for any value of, the inverse transformation is defined as:

u, O S X = F;il(cb(ui)) (1.3.15)

Differentiating the equality of probabilities, Edioa 11.3.13, for variables; andu; leads to,

0""(Ui)o|ui :dei (11.3.16)
dy; dx;
Thus,
(Ui )dy = fx; (x)dx (11.3.17)
and finally,
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d _ oly) _ AP H(Fx, (6)
du  fx (%) fx, 04)

Based on the above described transformation, Ti&Bl& represents the random variable

(11.3.18)

X as function of the normalized varialleand the corresponding differentiatidr/dy for all
the distribution types used in the present studiyth® parameters associated in the different
distributions are given in Appendix B.

Isoprobabilistic transformation of correlated vates from the physical space to centered
normalized space requires more mush calculation ig@probabilistic transformation of un-
correlation variables. The first step towards istyabilistic transformation of two correlated
variables X; andX; with coefficient of correlatiom, is to transform them into a centered and
normalized correlated variable¥; and Y, using equations 11.3.15 & 11.3.18. Thus, the

transformations can be expressed as:

y 0T - x = Fr (@) (11.3.19)

d _ glyi) _ AOTHFx, ()
dy;  fx, (X) fx. (%)

The two variables newyY; and Y., are still correlated with the same coefficient of

(11.3.20)

correlationp. The next step is to decorrelate and Y.. An alternative way to define the
transformation from the-space to the intermediate y-space is to use thaf ansformation
method. This transformation is in general only gpraximate transformation. A new

correlation coefficienp, in y-space is obtained as [Lemaetal 2009]:

@ (y1, Y2, p0) dy1dy; (1.3.21)

Ox Ox

1

T T xalyr) = Hxy X2(Y2) — Hy,
p=[ 1
—00 —00 2

whereg, is 2-dimensional normal density, with zero meamst standard deviations and the

coefficient of correlation, as:

2 2
1 -2 +
@ (Y1, y2,90) = ———exp - L2002 12 (11.3.22)
21— p§ 2(1-pg)
The solution of Equation 11.3.21 to obtain the etationp, is available in many statistical
text books [i.e. Lemaireet al 2009]. Eventually, the transformation froyaspace to the

centered, normalized and decorrelatespace is obtained as:

y1=l (11.3.23a)
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Y2 = Poly ++/1- PG Uy (11.3.23a)

Table 11.3.1: Transformation from physical space to normalizeace.

Distribution type | ;. O E_Dl =X & dx/dy parameters
Normal X =Ugy + Uy Uxs OX
dx
— =0
dui X
Log-Normal X = exp(ui Oin(x) * ,U|n(x)) Hin(X)s OIn(x)
dx
— = d
du In(X)%
Weibull x; = af{-In[1- o) }~A a, p

dg _a  ¢() 1w\ VA-B) B
T ﬁ[l_q,(ui)]{ In1- o)}

GEV X = m+§{[—ln(¢(ui))]_k —1} k,m, s
dx _ . ¢(ui) ~k-1
— = s——— |- In(®P(u
du = Sou - new))
Uniform X =(b—a)®P(j)-a ab
d :
= (b-a)gu)
Ui
Bi-Model The value ok; for a known value ofi; can be obtained | uax, tox, o1x

using numerical solution of the following equation: | o2x, r
rd(x, thx 01 ) = (L= 1)®(x t4x . 01x )= D(U)
dx _ ¢(u;)

dui  rex tax,01x )= [L-1)plx tax 1% )

All the parameters associated in each distributi@ngiven in Appendix B.

11.3.2 MESURE OF RELIABILITY

In a limit-state design, the design of structureshecked for all groups of limit-states to

ensure that the safety margin between the maximkalylloads and the weakest possible

resistance of the structure is large enough. Tim# states that have been defined in the

structural codes are:

e Serviceability limit state (SLS), defined as theniti between the states where the
performance of the structure is acceptable andsthiee where the structure is no longer
serviceable. Normally associated with economicalseguences. Examples of SLS are

deflection, onset of corrosion, crack widths, spgll vibrations, aesthetics, etc.
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e Ultimate limit state (ULS), defined as the limitthxeen the states where the structure is no
longer serviceable and the state where the steidtas collapsed, for example, due to
excessive material degradation. Examples of ULS catapse, buckling, and loss of
instability of the structure.

Each failure mode may be controlled by a set ofgmhesriteria. Limit-state design criteria
are developed based on ultimate strength as weilb@®f the reliability methods. The design
criteria have traditionally been expressed in threnfat of Working Stress Design (WSD) (or
Allowable Stress Design, ASD), where only one safattor is used to define the allowable
limit. However, in recent years, there is an insezhuse of the Load and Resistance Factored
Design (LRFD) that comprises of a number of loattdes and resistance factors reflecting
the uncertainties and safety requirements. A gésarfaty format for LRFD design may be

expressed as:

dYKHS <R (11.3.24)
where§ andy; are the load value (e.g. dead, live, ...etc) anctatsesponding load factor
respectivelyR is the resistance (capacity) of the structuramelet. @is a general resistance
factor applied to the resistance. Basically, rdligbanalysis requires expressing the limit
state function without the load or resistance fiect@hus, the limit state function for the
purpose of reliability analysis can be expressed as

G(R,SFR-S<0 (11.3.25)

R and S involved a high uncertainty due to the variatiengted in load and material
propertied. The simplest mathematical model forcdesg the event ‘failure’ comprises a
load variableS and a resistance variable If R and S are independent of time, the event
‘failure’ can be expressed as follows:

{failurg¢ ={R< S} (1.3.26)

The concept of structural reliability is illustrdten Figure 11.3.6, where load and strength
are both modeled as random variables. Failure soshien load exceeds strength. Denoting
the probability density function for load and sgtnasfs(x) and k(x) respectivelyF¢(x) and
Fr(x) are theCDF of the load and strength respectively. The faijprebability P; may then

be expressed as [Lemagkal 2009]:

P; =P(R<S)= j P(REX)P(x<S< x+dx) = IFR(x)fS(X)dX (1.3.27)

—00 —00

Alternatively the probability of failure can be dwated by
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Pr = [ P(xsRsx+d0P(S2X) = [ fr()L-Fs()x=1~ [ fr(x)Fs(Xdx  (11.3.28)
fo ()
fs () Resistance (R)

X X+dx R,S
Figure 11.3.6: Densities oR andS.

Reliability index of structure is a measure of s&fety level which takes into account
the uncertainties inherent in the design variables. first definition of this index was in 1969
by Cornell (called also Cornell indé¢omen). This index expresses the ratio between the mean
of the performance functio®, G=R-S,and its standard deviation. AAandS are random
variables with mean valugs and us respectively and with standard deviatiafisand os
respectively. IfR andS are non-correlated variables with normal distiigmg Cornell index

can be expressed as:

Bcomel = —B—HS_ (1.3.29)

o& + 0%

Due to simplicity of determining Cornell reliabylitndex it was frequently adopted by the
authors to perform reliability analysis of RC stwues (e.g. [Pham & Al-Mahidi 2008]). The
major drawback of the index of Cornell is that ialue depends on the form of the
performance function in case of nonlinear limittesa or variables with non normal
distribution. For example if the same performanoection is defined in two different
methodsG=R-Sor G=R/S-1, two values of reliability index are obtaineddbtih 2007].

There are many sources of uncertainties that affextresistanceR) and loading 9
models. The possible sources of uncertaintyR)mgodel can be divided into three categories:

» Geometrical uncertainties: these are the unceisiim the overall dimensions of the

member which can affect the cross-sectional arement of inertia... etc.

» Material uncertainties: the uncertainties assodiatdgth material properties are

uncertainties in the strength of the material,tteglulus of elasticity ...etc.

» Model uncertainties: the uncertainty resulting frapproximate methods of analysis.

Each of these uncertainty sources has its owrsstati properties; i.e. bias, coefficient of

variation, and distribution type. While uncertaimyist in loads are generally depend on the
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type of the loads such as self weight of the elgénsmface loads, truck loads...etc.
11.3.3 ESTIMATION OF RELIABILITY
11.3.3.1 First order reliability method

The First Order Reliability Method (FORM) providagpractical scheme of computing small
probabilities of failure at high dimensional spamanned by the random variables in the
problem. FORM is based on a first order Taylor &gxpansion of the limit state function,
which approximates the failure surface by a tangéane at the point of interest as shown in
Figure 11.3.5b. It is not always possible to finctlased form solution for a non-linear limit
state function or a function including more tharotrandom variables. Hence, to convert a
non-linear limit state function into simple polyn@is, Taylor series is used. The expansion
of a functionf(X) at a certain pointd” is given by;

2 n
f(X)= f(a)+(X -a)f'(a)+@f"(a)+~----~--¥ "(a) (11.3.30)

FORM uses this expansion to simplify the limit stdtinction, g(X;, Xa,....., X,) by
considering the expansion of the Taylor seriesr @ftencating terms higher than the first
order. The expansion is done at the design pintalled also the most probable failure point
(see Figure 11.3.5b). To overcome the non-invameaoicthe index of Cornell, Hasofer & Lind
(1974) defined the reliability indeg as the length of vectd®P (Figure 11.3.5b). This
definition is the most widely used in the structuraliability application applications.
Calculation of the reliability index is thus reddc® the resolution, in standardized space, of
the following optimization problem [JCSS 2001]:

B=0P =min{d(u)}= mln{ /Zu,} under theconstraintH (u ) <0 (11.3.31)

where uk is the vector of random variables in the normahtered and non-correlated
space. There are several algorithms to searcletiabitity index [Lemaire 2009] such as first
order algorithms (i.e. Hasofer-Lind-Rackwitz-Fiessfirst order), second order algorithms
(i.e. Newton method and sequential quadratic pragreng method) and hybrid algorithms.
These algorithms are based on iterative procebaésrequire the calculation of partial
derivatives of the performance function. In thesera study Hasofer-Lind-Rackwitz-Fiessler
HLRF is used to solve the optimization problem, givenBaation 11.3.31, as it is the most
frequently used in the literature. Figure 11.3.2g@nt a graphical representation of Hasofer-
Lind-Rackwitz-Fiessler algorithm.
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U, iy Failure domain

H(u) O

Mz(k),,ff,,,,,j/,/ ,,,,,,

——

tangent to H(i;,) constant

(VH(u1)},0 {up +¢c =0
>

KG
0 Hy u,

Figure 11.3.7: graphical representation of Hasofer-Lind-Rackvitassler algorithm.

Hasofer-Lind-Rackwitz-Fiessler algorithm can be swamzed by the following steps:

1. Define the appropriate limit-state functi@qxy, Xz, ....Xn)-
2. Transformation of all the random variables from gibgl x-space to a normalized,
centered and non-correlategspace
3. Substitution of transformed variables, i=1, 2, ..n, into the limit state definea-
space to obtain the limit stateurspaceH(us, Uy, ..... Up).
4. Choosing a starting poinuf®, setting first iteration ak=0, generally the origin of
the space in the absence of specific information.
5. Evaluate the limit-state functioHl (ul(k))
6. Calculate the limit state gradientVH(u)}® and its norm||OH )|, then
deducing £} ® as:
OH(W}
o) = {IIL (11.3.32)
I0H @I
7. Calculate the reliability indeg® as follow:
(k)
B = —(<u>(k){a}(k)j L HOE (11.3.33)
|oH (“)”(k)
where the conventiota) returns zero 0 i&<0, and a iB>0.
8. Calculate {i} **) as follow:
{ufrt = g1}k (11.3.34)
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9. If ‘{u}kﬂ—{u}k‘ < £ stop the calculation; otherwise ek+1 and go to step 2.

After convergence, it could be verified that}{* ={u}® and H(ul(k))zo. The

algorithm is stopped according to a criterion ckdtad either from a norm of vectou} for
k+1 _f 1k ;
example, {u} {u} <& or, better still, from a tolerance on all the comeots of the

vector {u}. From the properties of the-space (normalized, centered and non-correlated) it
can be concluded that it follows immediately raiatil symmetry about the origin. Thus the

probability of failure can be determined as,
Pt =®(-) (1.3.35)

where®(-) is the distribution function of the reduced tegad normal distribution.

The computed; values, calculated in step 6, provide the serisitof the reliability index
with respect tay;. Figure 11.3.8 shows graphical representatiom;ofalues which called also
directional cosines at the design point. Sensytifétctors have two major purposes. First,
these sensitivity factors show the contributionshef random variables to the safety-index or
probability of failure. Second, the sign of the siéimity factor shows the relationship between
the performance function and the physical varialAegositives; means that the performance
function H(uz, W, ... W) decreases as the random variable increases, aedadive factor

meandH(u;, W, ... W) increases as the random variable increases.

oA
\
P*
H(u1,u)=0
{a}
arccps)
arccosf)

0 o

Figure 11.3.8: Graphical representation of direction cosinesatdesign point.

The importance of evaluating sensitivity factorsasdentify the influence of its variation
on the reliability index and to select the mosh#igant variables. The physical meaningepf

implies the relative contribution of each randonriatale to the reliability index (Figure
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11.3.8). For example, the larger the value is, the higher the contribution towards the

reliability index. This is due to
2,..2..2 2 _
ap +ay+ag+eee a-=1 (11.3.36)

From the definition off as the distance from the origin to the limit-steeface H(us, W, ...

un)=0, it follows that

a :%:L_ngwg ...... +u2 :_% (11.3.37)

The FORM algorithm described above as used to parfeliability analysis of the limit
stat functionG(x)=R-S=0, whereR and S in this case are the resistance of the structural
element and the corresponding applied action (Ibgndnoment or shearing force)
respectively. The resistande is to be calculated using the proposed simplifiegigned

formulas for the limit states, failure mode, repadrin chapter I1.1.
11.3.3.2 Simulation Method
[1.3.3.2.1 Pseudo-random number generation

Generation of pseudo-random numbers is at the abaill simulation methods. The most
widely used method for generating a sexids based on the calculation of the remainder of a
division by an integem; the most common expression is written in the form

X +1 = (a% +c)(modm) (11.3.38)

where the multiplier, the increment and the denominaton are non-negative integers; mod
is the operator of integer divisioA:(modB)= the remainder from the integer divisionfoby

B. The previous notation is equivalent to:

xii=(ax +Ok  wih  k :integer(axim+cj (1.3.39)

in which the operator integer(.) indicates the getepart of the division. The number
obtained,x;, belongs to the interval [@]. In order to have a number belonging to the
interval [0, 1], it is sufficient to divide by vi=x/m.

The generated numbers;(i=1,2,..n) follow a uniform distribution within the indicade
interval: [0, 1. It is clear that such procedwseeriodic. Each period is lower than or equal to
m and contains a maximum of distinct numbers. In order to ensure a signifiaannber of
non-repeated values, it is necessary to chooskarthest possiblen. For a general stochastic

variablex with a distribution function i§x(x). The variable, defined by:
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X = Fx1(v;) (11.3.40)
Herein, the described pseudo-random number geoeratiethod, described above, was

performed using Matlab statistic toolbox.
11.3.3.2.2 Classical Monte-Carlo simulation Method

Classical Monte-Carlo simulation is consideredeale simplest and most robust method for
the evaluation of the probability of failure. Inditon, the method is general and did not
depend on the shape of the limit state functiomn¥other side, it represents the most
expensive methods as it required a huge numbenufiations. The principle of simulation
methods is to carry out a random sampling in thiakbe space, which could be physical or
standardized. For each of the samples, the linaitesfunction is evaluated to conclude
whether its configuration lie in the safety domainthe failure domain. The steps of the
procedure are as follow:

1. Define the appropriate limit-state functi@fxs, Xz, ....Xy).

2. Transformation of all the random variables from gibgl x-space to a normalized,
centered and non-correlated-space using the Isoprobabilistic transformation
explained in section 11.3.1.3.

3. Substitution of transformed variableg,i=1, 2, ..n, into the limit stat&s(xy, Xz, ....Xn)
definedx-space to obtain the limit state functidfuy, u, ..... Up) in u-space.

4. Choosing an appropriate sampling numberGenerally, the value dfls depends on
the required accuracy of the simulation.

5. Generation of a random vectots, i=1,2,..n, with normal distribution having a mean
value and standard deviation equal to 0 and 1 ctspdy. Figure 11.3.9 presents a

graphical representation of Monte-Carlo simulationsase of two variables.

Figure 11.3.9: Classical Monte-Carlo simulations in case of taoiables.
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6. For each simulation case, calculate the value efithit state functiorH(u,uy,...uy)",

r=1,2,..Ns.
7. Depending on the case, a vector of indicate$i(u)),is evaluated according to,
O if H(u)>0
15 (H(u) = ,  where r=12..N 11.3.41
b (H (u) {1  HW=0 12....Ns (113.41)
8. Evaluate the probability of failure,
1 Ns
= N— Z 15 (H (u)) (1.3.42)

9. The coefficient of variation of the estimate equalfLemaireet al 2009],

1-P
cov= |- (11.3.43)
NsPs

where P, is the estimate d®;. For an objectiveov=0.1 and a probabilit; =10", we obtain

Ne=10"2 For example if a probability of failur® of a value greater than 0.008:3,

thereforeNs=10° simulation is required. The convergence is givgntie [Shooman 1968]

1- Pf
s=196 (11.3.44)
Nst

This percentage corresponds to a probability of #5&bthe exact value & belongs to the

formula

intervalP; (L+ s): this is the 95% confidence interval. The corresfiog reliability indexs

can be determined using the inverse of Equati®26; f=-®™(P;), whered™(-) is theCDF

inverse of reduced centered normal distribution.
11.3.3.2.3 Importance sampling Monte-Carlo simulaton method

Classical Monte-Carlo method required a huge nunobesampling (i.e. calculation time is
very important) especially with small values of Ipability of failure P.. Monte-Carlo
Importance Sampling (MC-IS) simulation is more effee, it requires sampling numbisi
less than the sampling number required using tesmdal Monte-Carlo simulation. Basically,
the weight of the probability of failure is gendydbcated in the vicinity of the design point
P*, thus in this method, original sampling densisytranslated at the design poft to
concentrate the sampling in the region of the hsgldensity of the failure zone defined by
H(u)=0 (Figure 11.3.10). In this way the standard erob the estimate oP; can be reduced
significantly. The center of the sampling is catall using the FORM method cited in
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section 11.3.3.1. Accordingly, the integral to beakiated is given in the form [Melchers
1999]:

#(u)

whereg(uy) is a new density function of the sampling at deggn point. A first solution is to

P = [ 152U 50 ) duydupdug-du, (11.3.45)

choose for this function a reduced normal dengity) centered at the design paint.

2
H(u k)—( :)Ln/2 ex;{—%} (11.3.46)

Thus, probability of failure is estimated as:

Ng n 2
:Niz[l{)ex -3 uu® —%D (11.3.47)

At each simulation cage the indicatorl ; is evaluated according to,

0if H 0
IB(H(v)):{l 'if H((\\//))ZO’ where r =12,...Ng (11.3.48)

wherev!” =ul” +u’. g is reliability index obtained using FORM methodivem by
n *
Z(ui ' u; are the co-ordinates of the design pdiitin u-space.u”is a generated

vector of random variablé (i=1,2,..n) with normal distribution, mean value (=0) and
standard deviation (=1). being the number of the sample=1,2,... Ns). The coefficient

variation estimate d?; is given by the usual definition:

_ 1
covPr) = — Nsrzl [;’E:k;] - P? (11.3.49)

Finally, Monte-Carlo importance sampling (MC-ISyes satisfactory results if poift
has been well identified and if there are no seaonchinima at neighboring distances.
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Uy

Figure 11.3.10: Classical Monte-Carlo simulations in case of tvaniables.

[1.3.3.2.4 Monte-Carlo simulation based Neural netwrks

It has been presented in pervious chapter thahdlueal network (NN) applications can be
used to predict the structural response withinesponding ranges of the network inputs.
Thus, NN was used to establish an explicit fornptedict structural responses. Such these
responses may be strains, stresses or deflecti@nfifst layer contains as many neurons as
there are design variables and the last layer oswnta number equal to that of the
performance functions. In our cases the neural odtwas used to predict only one output.
Monte-Carlo technique was used to perform the lvdiig analysis based neural networks.
Monte-Carlo based Neural Networks (MC-NN) is perfed according to the following steps:
1. Selection of the random variable, considered in NIL-is based on the importance
factorsq; obtained using FORM method: i.e. random variabl@ssidered in FROM
method and have small values af will not be considered in MC-NN as they have a
negligible effect on the reliability indgx
2. Limit state function may have different form fromat used in FROM method which
can be expressed as
G(xj)=R-S (11.3.50)
whereR and S in this case of MC-NN are ultimate material fadustrain and the
corresponding induced strain due to the applieddaaspectively; i.eR is ultimate
FRP composite strainggrp ~frrpJ/Errp and S is the FRP strain induced due to the
applied loading.frrpy and Ergrp are the strength and the modulus of the FRP
composites respectively. Eachand R may evolve random variables. The neural

network was used to predict tBeralues.
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3. Implementation of isoprobabilistic transformatiointloe design variables and the limit
state function fronx-space tai-space.

4. Preparation of the dataset required to train, addichnd test the neural networks. The
co-ordinates of each point, in tlhiespace, in the dataset are determined according to
mixed experiments design explained in section4l.2Center of the dataset required
for neural network origin of the design space flassical Monte-Carlo simulation or
the co-ordinates of the design poitttfor Importance sapling Monte-Carlo simulation
(see Figure 111.3.11).

Structural response for each point, with coordidate, xo, ...x,) in x-space, in the
dataset was implemented using finite element amaly

5. Construction of the neural network NN: number alden layers, number neuron in
each layer and the activation function used in éapér.

6. Training, validation and testing of the neural natkvbased on the dataset obtained in
step 4.

7. Perform classical Monte-Carol or Monte-Carol Impode Sampling using the Neural
Network around the poin* and calculating the probability of failurg;, thus the
reliability index Awc.sy A= A=-®(Py), where®d™(-) is theCDF inverse of reduced
centered normal distribution.

8. Comparison the two reliability indgsc.nn andfrorm Obtained form FROM and MC-

NN methods respectively.

0 u U,

Figure 11.3.11: Successive designs of experiment; case of twabkas.

11.3.4 TIME VARIANT RELIABILITY ANALYSIS

The performance function, expressed with a limattesG(t)=R(t)-St), is to be analyzed in
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steps over time steps. To perform a time variaibidity analysis, probabilistic models for
the resistance and the loads are evaluated attieaelstep. In the present study, it is assumed
the resistance of the RC section before applyin@ BRengthening is deteriorated over the
time due to corrosion of steel reinforcement, wiafer strengthening it is assumed that the
properties, FRP modulus and strength, of the FRinktes deteriorate due to aging affect.
The most important factor that affects the religpibf RC highway bridges is the growth of
truck loads over the time. Probabilistic modelsdtael area and the truck loads are developed
based on Monte-Carlo simulation technique which bl presented in the next chapter.

Figure 11.3.12 shows the relation between bothréststance and the loads with respect to
the time. It could be noted that the structureratnstruction timet=0, could maintain the
lowest value of the probability of failure. Thisncde deduced from that the interaction
between thé°DF of both the resistance and the loads are the mamirat this stage. Lowest
probability of failure must satisfy the conditiohat it is higher that a targe®; targes Value
proposed by provisions or design codes. As showkigare 11.3.12, this interaction increase
over the time causing a growth of the probabilityfaslure. In general, the measure of risk
associated with the specific eventR(ft)<S(t) can be expressed as the probability of failure
Ps(t) of that event, or generically as:

P; = P(R(t) < S(t)) (1.3.51)

R.S

PDF of R(t)
PDF of S(t)

service

||fe I:%,talrget

Figure 11.3.12: schematic representation of time variant religpdinalysis and lifetime
concept.

If the resistance and the loads model are exprgsebabilistically at each time step, thus,
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[1.3: Structural reliability aspects

the reliability index or the probability of failurean be determined as time dependent using
any reliability method such as Cornell method, FORIthod, Monte-Carlo simulation...etc.
growth of the probability of failure over the tinseich that it reach a minimum or critical
value leads to strengthening of the deterioratedcttral element to maintain it over the
target value again. The period that the probabdftfailure, as a function of time(t), of the
structure undergoes for the target probability afufe, Psarger t0 the critical probability of
failure, Piciica, 1S defined as the service life of the structukéore explanation and

calculation algorithms of lifetime are presentedhe next chapter.

11.3.5 RELIABILITY OF STRUCTURAL SYSTEM

Structural design is, at present, primarily conedrmvith component behaviour. Each limit
state equation is, in most cases, related to desmgde of failure of a single component.
However, most structures are system of structuwatponents. There are two fundamental
systems, see Figure. 11.3.13:
1. A series system is a system which fails if one oreof its components falil, i.e. the
probability of failure of series system composedinoft statesg;, i=1,2,.m, is:
m m
PYS= P(iL_Jl{gi (X)< o}) = P(iL_J{gi (Tu))< o}) (1.3.52)
where T(U) is the isoprobabilistic transformation of the dam variables vectoK
from x-space to the normalized spaespace.
2. A parallel system is a system which fails whenitalicomponents have failed, i.e. the
probability of failure of parallel system compos#dimit statesy;, i=1,2,.m, is:

m m
poYs= F{_ml{gi (X)< O}J = F{_ﬁl{gi (Tw))< o}) (11.3.53)
1= 1=
(a) series system (b) parallel system
I | | I
— 0 (2) froveeee (i) m = | @[] @ p- M || m

Figure 11.3.13: Schematic representation of series and paralesys.

Structural system may consist of subsystems cortibia These subsystems may be
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[1.3: Structural reliability aspects

either series or parallel. Common system combinatiovhich will be used in our case, are

the series combination of parallel systems, seer€ifj.3.14.

;: 01(X)<0
NE' 011(X)<0
o Gi(X)<O e — 9n(X)<0 —>
| gm](x)fo
v Oni(X)<0
_______ Flz.n_________»

Figure 11.3.14: Representation of a series system of paralleesyst

By combining Equations 111.3.52 and 111.3.53, theopability of failure of such system

becomes:

pSYS=p G‘{ Nar(x)< 0}1_ j

i=1 j=1

G!{ H {gi(T())< o}} (11.3.54)

i=1 j=1
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[1.3: Structural reliability aspects

11.3.6 CONCLUSIONS

A literature review was presented in this chapféris first part presents an introductory
definition to the reliability index of a structuraystem, the sources of uncertainty in
engineering structures and levels of reliabilityalgsis. Moreover, this part outlines all the
primary aspects required to completely define aoam variable such as mean, standard
deviation, PDF, CDF, coefficient of correlation, distribution ...etc. ojsrobabilistic
transformation of random variables, correlated on-norrelated, between physical and
normalized space were presented in details foremfft types of distributions such as
Lognormal, Weibull, ...etc.

The second part gives brief definitions of the mamt states (ultimate and serviceability)
considered in the reliability analysis and Load &sitance Factored Design LRFD concept
used in recent design codes. Theses limit statesbeasimply defined as the difference
between the strength and applied actions. Limiedtanction based random variables leads to
express the probability of failure, as a measuregetifibility, as the probability that the
strength is lower than applied action.

The third part of this chapter presents all theéabglity analysis methods used in the
present study. The notations and the mathematigakssions of the performance function,
reliability index, probability of failure and theathods of calculations of the reliability index.
Cornell and Hasofer-Lind (using FORM method) realigbindices were presented. We also
presented Monte-Carlo simulation methods used lmulede the probability of failure, thus,
the corresponding reliability index. Two Monte-Q@arhethods were reported; classical and
importance sampling. In the present study, thesiaaods were used in conjunction with the
neural network applications and finite element radthin addition, the reliability of structural
system concept is presented. This concept will lenab exalting the reliability index or
probability of failure when more the one limit &tadre coupled in the reliability analysis, as
FRP strengthened RC beam involved multiple failumedes which may take place
independently as presented in chapter 1.2

This final part of this chapter focused on the @gioof time-variant reliability analysis
which used to figure the reliability index as tiependent. In this case the limit states are
involved random variables that may change with toaasing deterioration of the reliability
index over that time. In the present study, we $ecuon the reliability of FRP strengthened
RC beams of a high way bridges constructed in abasines. Thus, three deterioration

models were assumed affecting the reliability indeer the time: corrosions models was
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[1.3: Structural reliability aspects

assumed to affect the yield strength reinforcenaantits area, growth of truck loads over the
time was assumed to affect the live loads acti@medqr and bending moment) and FRP

properties (strength and modulus) are affected dggaand moisture attack. This can be
helpful tool in evaluating the service life of R@hway bridges
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PART |ll: NUMERICAL APPLICATION AND
RESULTS

Chapter II1.1: Stochastic model of design variables

[11.1.1 INTRODUCTION

The proposed developments presented in previous pave been used to: (1) improve
knowledge about the deterioration phenomenon; samoof steel rebars and growth of live
loads over the time and (2) evaluate the religboit existing FRP strengthened RC beams.
Therefore, the analytical and numerical formulagiaf the models described in chapter 1.1
as well as the methodology for the reliability aiséd presented in chapters 11.2 and 11.3 were
implemented using a scientific computing progranve@ the complexity of the problem, this
chapter presents a practical application to ilatstthe benefits of the model and to evaluate
the statistical parameters of the random variables.

This section presents the details of the desiga cassidered in our study. Our case is an
interior girder of a simply supported RC highwaydge presented in Figure Ill.1.1. The span
of the girder is 10m. The girder has been desigaszbrding to the AASHTO standard
(2007). In addition to the dead loads, a truck wieeed is applied on the deck of the bridge.
The design loads, correspond to a HL-93 live logabrted in AASHTO specifications. The
RC beam considered was designed to achieve ailigfiabdex equals to 3.5 which is the

target value proposed in AASHTO specifications.

400mm  Lane L widh 3600mm Lane 2 width 3600mm __ 400mm £ $020mm
- . - - B
=E ='El= z 2 £
= = E= = 2 1612@150 E
Qee=0.9MZ| 1800mm =z © ZIE| 1800mm |2/ dypes=0.9 3
2 2 z g o i
| [©
/ \
£ 1 I / ********* -
S | J
é 3 & é 8025MM [y o 0 s 0as| I
2200 = F
} mm } 400
rp=300mm
l~—bg=400mm--|

Figure Ill.1.1: Bridge cross-section and trucks position; Reirdarents and dimensions
details of the interior beam
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[1l.1: Probabilistic model of design variables

The objectives of this chapter are:

1. to present the geometrical and material probatuildésign variables considered in our
case.

2. to evaluate the probabilities of corrosion initewj cover cracking and to evaluate a time-
dependent probabilistic model of steel area basedhe corrosion model proposed in
chapter I.1.

3. to present the probabilistic models of dead loamstame-dependent live load.

Table 1ll.1.1presents all the deterministic parargetrequired in the reliability analysis.
Such these parameters were considered in manyestagi deterministic values since their
variation does not affect the reliability analyf@sy. Bastidas-Arteaget al 2009]. From other

side, there are no probabilistic models for thesameters found in the review.

Table 111.1.1: Deterministic material constant.

Variable Value Units  Descriptiot

E. 201300 MPa Elastic steel modulus

Ve 22 kN/n?  Specific weight of concrete

Yo 18 kN/n?  Specific weight of Asphalt pavement
D¢ 0.2 Concrete Poisson ratio

do 12.5x10° mm Thickness of porous band around steel bar
Pstee 78.5 kN/mi  Density of steel

Prust 36 kN/n?  Density of corrosion rust

De 29 kN/m?  Density of cement

Da 26 kN/m?  Density of aggregate

ac 5.14 Aggregate to cement ratio

Mage 0.15 aging coefficient [Val & Trapper 2008]

111.1.2 PROBABILISTIC MODELS FOR DESIGN VARIABLES
[11.1.2.1 Environmental, material, geometrical andmodel error variables

In fact, Reliability analysis requires descriptafsthe statistical variation of the variables
involved in design formulas. Reliability analysssaften conducted on the basis of load and
resistance concept. However, data about the resestaf FRP strengthened RC member at the
member level are not directly available. Simulatiwrcalculation required to express member
resistance will be based on the exact descriptibadl the influencing variables.

In the present section the statistical variatiothefse variables is presented in term of the
mean/bias, standard deviation/coefficient of vasiatand the corresponding distribution.
Generally, we divide the variables in four categeri(l) environmental, (2) material and
geometrical, (3) structural model error, (4) loadifigure 111.1.2 presents an overall scheme
of reliability calculation and all the random vdiies considered.
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[1l.1: Probabilistic model of design variables
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Figure Il.1.2: Categories of random variables

Environmental

The probabilistic models of environmental varialdes given in Table 111.1.2. It is worthy
to notice the high variability of surface chloridencentrationCs (coefficient of variation
around 50%)C; data reported in this table were obtained fronela sSurvey of 1158 bridges
in Australian state of Tasmania [McGee 1999]. Tkisidy appears to be the most
comprehensive for the bridges in different enviremtal conditions. It expresses the value of
Cs as a function of the distance from the coastajiasn in Equation 1.1.14. In our case, we
chose an extreme value of chloride surface conamtiCs (=3).
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[1l.1: Probabilistic model of design variables

The reference chloride diffusion coefficidnt rer IS an important material parameter that
has been considered as random variables in madiestie.g. Stewart & Rosowsky 1998; Vu
& Stewart 2000; Bastidas-Arteagaal 2009]. It is reported thdd ef is influenced by many
factors (mix, curing, compaction...etc) and is najngficantly affected by the source of
chlorides [Vu & Stewart 2000]. In our study, we ube model proposed by Papadagisal
(1996) which is reported in [Vu & Stewart 2000] aexlpressed by Equation 1.1.11. This
model was used and recommended in many studieBasgidas-Arteagat al 2009].

In order to compute a probabilistic model, i.es#@dect the accurate density distribution,
for D¢ ref from Equation 1.1.11, Monte-Carlo simulation andli&ogorov-Smirnov test (KS-
test) with a level of significance of 5% were cadriout.

pc and p, were considered as deterministic parameters (sééeTIl.1.1) because it is
difficult to reach their probabilistic models [Vu &tewart 2000; Bastidas-Arteaggal 2009].

Uncertainty in the values obtained using Equati@rill is assumed as a random variable

called model error in the reference chloride diffuscoefficientdp . Thus, the final form

of Equation 1.1.11 can be re-expressed as:

3
1+ powe c- 085
Dutrer =0 01D o P P (II.1.1)
: cl,ref 27 1+ powe+ peacl pg | 1+ pewe

The statistical parameters of this variable arequeed in Table 111.1.2.

Water-cement ratiovc is assumed as random variables normally distribwigh mean
value 0.45 and coefficient of variation 0.05 acaogdo [Atadero & Karbhari 2007]. Figure
[11.1.3 presents the density of the generated eefee chloride diffusion coefficien®g ref
obtained using Monte-Carlo simulation. The KS-tesults indicate that generalized extreme
value (GEV) distribution can best fit the generatiada with statistical parameters (scale; -
0.1021, shape; 17.0195, location; 46.5274).

As presented in chapter 1.2, any random variablean be expressed by three important
statistical parameters; mean valug standard deviatiomx and the density distribution

functionPDF. However ux andox can be replaced by the bigsandCoV, respectively, as:

_ HXx

Ay = Bx 1.2

X =5 ( )

Covy =X (I11.1.3)
Hx

whereX, is the nominal value of a variab¥e The statistical parameters given in Table 111.1.2

are expressed in term alfx andCoVk. Otherwise they will be given in term pf andox in
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[1l.1: Probabilistic model of design variables

parentheses.

Table I11.1.2: Probabilistic parameters of random variables.

Variable Distribution  Units Nominal A°%(mean) Co\’(s®) Source

c Log-Normal mm 25:5:45 1 0.2-0.1 [Duprat 2007]

€ Normal mm 0 (0) (5) [Duprat 2007]

b, Normal mm  348:10:368 1 (5) [Duprat 2007]

Cs Log-Normal kg/mi 3.0 1 0.5 [Vu & Stewart 2000]

Cin Uniform kg/n? 0.9 1 0.19 Bastidas-Arteagaet al2009
wce Normal nf/s  0.45 1 0.05 [Atadero & Karbhari 2007]
Model errof Eq 11.1.1  Normal 1 1 0.2 [Vakt al 2000]

Model errof igo Normal Eql.1.18 1 0.2 [Vu & Stewart 2000]

3: bias value,"CoV* coefficient of variation,’c standard deviation® denotes that the model error is
multiplicative.c is the concrete cover of tensile stegiis the stirrup eccentricityas is the stirrup widthCs is the
surface chloride concentratio@y, is the critical chloride concentratiowc is the water cement ratig,,, is the
corrosion current.
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Figure 111.1.3: Density of generated reference chloride diffusioafficientsD s and
the fitted GEV distribution.

Material and Geometrical

The statistical parameters for material properfoesmcrete, steel and FRP properties) and
geometry are provided in Table 111.1.3. Concreteparties are often considered as random
variables which involved high uncertainty valuesariyt sources contribute to the variation in
concrete properties (e.g. material proportions @ogerties, methods of mixing, transporting,
placing, curing and testing). The most comprehenstudy that provides statistical models of
concrete properties is proposed by [Mirza & Mac®ret)976]. The authors have defined
three levels for describing ti&oV of concrete strength: 0.10-0.15 for good con®dl5-0.20
for average control and above 0.20 for poor conffbe Normal distribution is appropriate
for modeling concrete compressive strength GaV values up to 0.15-0.20. Beyond this
range the Log-Normal distribution provides a bettiéerfor the tail regions [Mirza &
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[1l.1: Probabilistic model of design variables

MacGregor 1976]. In the present design example,assime that the mean compressive
strength,in-situ, of the concrete equals to 35 MPa with averagdragbrrhusCoV of 0.15
with Normal distribution can be assumed as present@able 111.1.3.

In order to take into account the dependency ota compressive strength at 28 dys
with both concrete tensile strendthand the concrete modulés, it is assumed that herein
andE; can be expressed viaasf, =a_f2* and E; = ag(01f.)/respectively [Model Code
1990]. According to Vaét al (2000), it is assumed thRtand both the coefficientg: andag.
can be considered as independent random variables.

The gain in concrete properties with time was aber®d according to the formulas proposed

in Model code(1990):
1/2
fo(t) = f. expl oz{1—(?} ] (I11.1.4)

1/2]
E.(t) = E. exp{oz{l—(?j } (111.1.5)

wheret is the time in days.

It is known that, externally bonded FRP is appliedtwo ways. One way is through
adhesive bonding of pre-manufactured FRP stripes&hstrips are manufactured in a
controlled factory setting resulting in more unifomaterial with higher levels of material
performance characteristics. When pre-manufactufR& strips are applied to an existing
structure the adhesive layer between the concretd=RP is likely to be the most significant
source of uncertainty. The second technique foragmglication of externally bonded FRP
material is through field-manufacture FRP materialalled also wet-layup FRP (see §
1.2.2.5). The latter method, which is consideredhi@ present study, is the most widely used
as it is very flexible and can be applied to variet geometric configurations, whereas pre-
manufacture strips cannot be significantly bent.

When the FRP is manufactured on site, various ssuof uncertainties impact the final
properties of FRP material, resulting in a highearel of uncertainty with respect to the first
technique. Such these sources are due to: fibeicfabelf, resin, manufacturing conditions,
curing methods and curing conditions, handling pss¢ number of layers...etc.

Atadero et al (2005) have studied the variability of CFRP projesr (thicknessggrp,

modulusErrp and strengthirrp ). The study is based on statistical analysis wite tests of
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[1l.1: Probabilistic model of design variables

wet-layup FRP panels of 457 mm length and 152 mdthwiTested panels were fabricated at
thicknesses of 1, 2 and 3 layers. Each panel wasi@nd cut in a number of coupons with
length of 254 mm and width of 25.4 mm. Total numbkcoupons for each thickness equals
to 29. Coupons were tested in uniaxial tension fidkiwing ASTM D3039. Results of the
study conclude that FRP modulus and strength ateststally correlated to the total CFRP
thickness. Thus, these correlations must be coregide the reliability analysis or CFRP
properties must be normalized from thickness bedprdying the reliability analysis.

In addition, the statistical distributions of CFRRength, modulus and thickness were
fitted by the authors using Chi-square test. Normalgnormal, Weibull and Gamma
distributions were compared to choose the bestrigesc of the data distribution of FRP
properties. Lognormal, Weibull and Lognormal disttions were found as the best
descriptors for CFRP modulus, strength and thickmespectively.

In order to catch more accurately the influencetr@d number of layers, Atadero &
Karbhari (2009) have analyzed statistically theultssof five FRP datasets fabricated from
different FRP types. Through each dataset the nuwibkyers was taken equals to 1, 2, 3
and 4. Fabricated FRP specimens in the datasets w@sted according to ASTM D3039.
Through the obtained results, it can be observed the CFRP number of layers has
insignificant effect on the mean value Birp, While the mean value dfrp  decreases with
respect to the number of layers by 0, 2, 11, afd 8 average between the datasets reported
in [Atadero & Karbhari 2009]) for 1, 2, 3, and 4yéas respectively. In our case, we will
consider these reductions in the mean value of &iR#hgth with respect to the number of
layers. Statistical models of CFRP properties usdtie present study were considered from
the normalized data provided by Atadero & Karbl{a@09).

Table 111.1.3: Probabilistic parameters of geometrical and malteandom variables.

Variable Distribution Units Nominal 1(mean) Co\’(c®) Source

fe Normal MPa  34.5 1 0.15 [Plevrig al 1995]

Oct Normal 0.3 1 0.15 [Vadt al2000]

O Normal --- 2.15x16 1 0.08 [Valet al2000]

fy Normal MPa 414 (460) (46.2) [Vu & Stewart 2000]

d; Normal mm 700 (700-4.7) (12.7) [Plevesal 1995]

b, Normal mm 400 (400+2.54) (3.658) [Pleveisal 1995]

S Normal mm 200 1 0.1 [Duprat 2007]

As Normal mnf  490.87 0.97 0.024 [Atadero & Karbhari 2007]
Eerre Lognormal GPa 51.7 1 0.2 [Atadero & Karbhari 2007]
ferru Weibull MPa  620.5 1 0.15 [Atadero & Karbhari 2007]
terre Lognormal mm 1 0.05 [Atadero & Karbhari 2007]

f'. is the concrete compressive strengthandag. are the random parameters in concrete tensilagttreand
modulus respectivelyl; is the steel deptly is the beam widtts is the stirrups spacinds . is the original area
of tensile steel bah, ,is the original area of one branch of shear giirfigrp andferp , are the modulus and the
strength of FRP material respectivelyp is the thickness of the FRP material.
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[1l.1: Probabilistic model of design variables

Structural model error

If the statistics of resistance are derived basetkest results there is no need to consider
error in the modeling process because no modekésl.uHowever, when the statistics of
resistance are based on probability distributidrth® variables contributing to resistance and
analytical or empirical models relating those Vialea to the resistance, a random variable
considering the accuracy of the model should bd.use

Depending on how the reliability problem is formteld it may be appropriate to include a
random variable that considers the error betweerthboretical results used to describe the
resistance and the results from actual member. testsexample, the structural model error of
the flexural limit statésex can be expressed as:

Aflex = Mu exp
ex—
IV'u,th

(111.1.6)

where My exp and My are the experimental and the theoretical ultimz@ading moment
values respectively. For any other limit state fiorc My exp and My are replaced by its
corresponding experimental and theoretical values.

Ellingwood et al (1980) formulated the structural model error atN@mal random
variable with a mean value equal to the averageevalf the ratio of the experimental
resistance to the theoretical resistance. The icoeit of variation of model erroCoVp, is

calculated as:

CoV, :\/Co\f,C ~Co\.,—Co\L.. (I1.1.7)

where CoVc is the coefficient of variation of the ratio ofsted to calculated strengths,
CoVest is the uncertainty in the measured loads durisgrig andCoVspec is due to errors
from strength differences between the test cyliadard the test structure and variations in
dimensions of the test structure. The typical valtor CoVis; are about 0.02-0.04 (average
value can be considered) and the value€fv,ecare about of 0.04.

With model error formulated in this manner the tistiate functiorg(x) can be formulated

as:

g(x)=A,R->'S (11.1.8)
where/n, is the random variable representing structuralehedor for a certain limit state
m (i.e. m denotes the considered limit state; flexural, shesc). R is the corresponding
resistance of the considered limit sta{es represents the summation of random loading

actions; dead, trucks and impact.
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[1l.1: Probabilistic model of design variables

For all the limit states considered in our studhg mean value,, and the coefficient of
variationCoV4,c of a tested dataset and its theoretical evaluatiere given in Chapter I1.1.
Table 111.1.4 concludes the model error for thefedi#nt failure modes considered in the

present study. According to Ellingwoed al (1980) Normal distribution can be assumed.

Table I11.1.4: Probabilistic parameters structural model ekror

Limit state CoViic CoVies CoViper COVin  Am
For flexural limit state:
++ Concrete crushing & FRP rupture 0.1306 0.03 0.04 12@ 1.066
+ FRP intermediate crack debonding 0.1170 0.03 0.04 0.1058 1.0234
+ FRP end-debonding based shear crack 0.2082 0.03 4 0.0 0.2021 0.9548
For shear limit state:
< Non-strengthened RC be&dm - 0.125 1.15

+ Strengthened RC beam: Triantafillou &
Antonopoulos model (2000) 0.275 0.03 0.04 0.270 0.919
Finite element simulatidn - 0.045 1.01

2 and® were obtained from [Vu & Stewart 2000; Duprat 2p@id [Vu & Stewart 2000] respectively.

[11.1.2.2 Probabilistic Steel area model

Evaluation of steel damage in term of loss of adeang time using the following
proposed simulation could obviate many complicalié@rential calculations required for the
FORM algorithm which is used in reliability analgsMonte-Carlo random number generation
in conjunction with the corrosion model proposectivapter 1.1 has been used to represent a
time dependent steel area probabilistic model. fwelel was obtained according to the
following steps:

1. Based on the statistical parameters of environrhestaables Cs, Gy, C, ....etc), a
vector for each variable was generated using MQ@aide simulation technique. Each
vector contains 5xf@ases.

2. Eachi™ case of these vectors was combined and simulatetie following flow
diagram, of corrosion modeling, shown in Figurelll to obtain the corrosion initiation
time tj,, time of severe cracking of the concrete caygand steel area at each time

incrementA(t). The model has been run for a total lifetime éxt@100 years.
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[1l.1: Probabilistic model of design variables

Environnemental random variables Deterministic parameters:
Cs Cin, C, Dcl,ref,Ec fy...etc do, Prust--- €LC (Table |||11)
Sett:O;Dcl(t:O): Dcl,ref; Dth(t:O)zo;
A(t=0)7As 0

At {=0.0833 year

>

<

A 4

t=t+4t;
Update D (t) ; Equation 1.1.13
Dy (t); Equation 1.1.12 no
Dy (t)<c

Setigor(t)=0 & A(t)=As,

Check; ifDy(t)=c

yeq Dy(t)>c
\4

Sett;,=t
At|=0.0833 year

<«

A 4

t=t+4t;

SetDoy(t)= Do ref EQuations 1.1.21
Update Dy(t) ; Equation 1.1.13,
Dyy(t); Equation 1.1.12,

icorr(t); Equation 1.1.18 no

Calculatew(t) ; Equation 1.1.35
Calculated,«(t) ; Equation 1.1.38
Calculatew(t); Equation 1.1.57

Check; ifw.(t)=w,

yes|We(t)>we,
A\ 4

Setty=t,

At|=0.0833 year

t); Equation 1.1.28 »
ALD: Eq W)W

At=0.0833 year

At=0.0833 year

)l

v
t=t+4t;
CalculateDgy(t); Equation 1.1.19& 20
Update Dy(t) ; Equation 1.1.13

At =0.0833 year

Dth(t); Equation 1.1.12 no

A(t); Equation 1.1.28

Check; iit=100 year

yes|t=100 years
\ 4

End

Figure 1l.1.4: Flow diagram of corrosion model.

3. For all the simulated cases, results of Monte-Csiriwulation indicate that both the time to

icorr(t); Equation 1.1.18 t<100 years

corrosion initiationti,; and the time to severe cracking of the concreterdg, are Log-
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[1l.1: Probabilistic model of design variables

Normally distributed. Test of Kolmogorov-Smirnov $K with a significance level of 5%
was used as selection criterion. Figures 111.1.9181.6 present the plots of the fitted
distributions and their corresponding statisticalpgerties, mean and standard deviation, for

both bottom steel and stirrups respectively
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Figure 111.1.5: PDF of time to corrosion initiation and concrete cosevere cracking; bar
diameter equals to 25 mmands are the mean and the standard deviation respbcto/is
the concrete cover.
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Figure I11.1.6: PDF of time to corrosion initiation and concrete cosevere cracking; bar

diameter and beams width equals to 12 mm and 400espectivelyu ando are the mean

and the standard deviation respectivelyis the width of steel stirrups (see Figure Il)1.1

4. The distribution of the corroded steel arégs) was plotted in Figures I11.1.7 & 111.1.8 at

different ages (1, 50, 100 years). It can be ntitatithe steel area density function changes
with time from Normal distribution with two paraneesN(u,0) — assumed at initial ages —
to a Bi-modal distribution which can be fitted witive parametersuf,o1, 2,02, andp)
according to Equation 111.1.9.

Fas (1) = oy @ (X gy O1(ry) = A= L)) P (X Moy T 2(1)) (11.1.9)

where,uiy) is the mean valueyy is the standard deviatiopy, is the mixture ratio, and
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[1l.1: Probabilistic model of design variables

is the normal density function.

These parameters were evaluated at each time ieoterifthe generated density
distribution in Figures 111.1.7 & 111.1.8 may simatle the corrosion process in the nature:
there is a probability that the steel rebar magtienon-corroded or that corrosion takes
place at latter ages. It means that a proportioth@fgenerated cases are not corroded or
corrosion will take place after the consideredtiifes, i.e.t,; >>>>100 years. Such these
cases are characterized by high values of concmater/critical chlorides concentration
and small values of coefficient of chlorides diftug'surface chlorides concentration.

Matlab software nonlinear fitting toolbox was ugedit the distribution parameters of
Equation 111.1.6 based on dataset obtained. Fitilggrithm was focused on a range of the
generated data corresponds to a range~e29) in the standard normalized space; space
which requires probabilistic transformation for @ik random variable considered in the
limit state. This transformation de-correlates ableés from their individual statistical
distributions and physical dimensions to standaydnal distribution for each variable.
The choice of latter range depends on the contobudf steel bar areans in safety index
S (chapter 11.2). Preliminary reliability analysis@w thatuas contributes -0.2 to -1.4 of the

safety index, satisfying the considered rangetoh§ algorithm.
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Figure I11.1.7: PDF of tensile steel area, original bar diameter exjtaP5 mm A=490
mn). c is the concrete cover.
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Figure 111.1.8: PDF of steel stirrup area, original bar diameter egjt@l12 mmAs~=113
mn). b is the width of the steel stirrups from centreéntre (see Figure 111.1.1).

It is important to mention that corrosion modelwhdhe influence of the temperature and
relative humidity. According to Val & Trapper (200&n aging coefficient of 0.15 must be
considered in Equation 1.1.10b. To understand tiiecteof these factors on the time to
corrosion initiation and severe cracking of coneretver, five cases were simulated in the
above detailed corrosion model (see Table 111.158).as to take accurately into account the
influence of the temperature and relative humidityg propose to consider their monthly
profiles shown in Figure 11l.1.9a and carrying @gbé simulations of their influence on the

time to corrosion initiatiom,; and the time to severe crackigg(Figure 111.1.9b and I11.1.9c)

Table 111.1.5: Effect of environmental factors.

Environmental factor

Case

Temperature Relative humidity Aging coefficient
(a@)* X X X
(b)
(c) X
(d) X
(e) X

* Reference case. x denotes the environmentalrfégetmnsidered in the corresponding case.

PDF of the simulation results of the five cases wddted in Figure 111.1.9. It can be
noted that considering temperature only (case ©)stgnificantly accelerate both corrosion
initiation time and severe cracking time by 49% &88o respectively with respect to case b
(neglecting environmental factors).

In contrast, relative humidity (case d) and agiongfficient (case e) delay initiation time

and severe cracking time 237-162% and 211-4% ré&spBcwith respect to (case c).
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[1l.1: Probabilistic model of design variables

This reflects the importance of considering theualcvariation of these factors on the
corrosion process. Therefore, these factors wamnsidered in all the simulated cases to reach

more accurate time-variant probabilistic simulation
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Figure 111.1.9: Effect of environmental conditions on time to @sion initiation and severe
cracking of concrete cover=40 mm and bar diameter equals to 25 mm.

[11.1.2.3 Probabilistic Live loads model
[11.1.2.3.1 Probabilistic Truck model

There are many Live load models for highway bridgdse most comprehensive study was
carried out by [Hong & Nowak 1991; Nowak 1993]. Thwdels were derived from an
extensive truck survey; weigh-in-motion observateond others. This survey covered about
9250 heavy trucks recorded within two weeks. Thi& dese includes truck configuration
(number of axles and axle spacing) and weightse(dbbdds and gross vehicle weight). For
each truck in the survey, actions (bending momeantsshear forces) were calculated for wide
ranges of spans (9 to 60m).

The main fallout of their study is the expressidrihe statistical model for truck weight
which was finally recommended in many reliabilitudies [e.g. Vu & Stewart 2000]. In the
present study we consider the same statisticalepties of the truck proposed by Hong &
Nowak (1991). It was assumed that truck weightolef a Normal distribution with initial
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[1l.1: Probabilistic model of design variables

mean valueuw, (=250 KN) and standard deviatiafy, (=100 KN). Gross truck weight
distribution between axles and axle’s spacing watepted as for a standard HS20 truck
proposed in [AASHTO-LRFD 2007]. The nominal truckndmic effect was taken as a
fraction of the gross truck weight; 0.15 for a $enguck and 0.1 for two trucks side-by-side
[AASHTO-LRFD 2007; Vu & Stewart 2000]. However, Naiws model neglects the increase
in live load - traffic volume and weight - over thiene and the average daily truck traffic
ADTT was assumed consta{¥TT=1000 trucks/day in one direction). In the pressnoty
we will consider that the live load model is timeda@DTT dependent.

Highway Traffic survey studies confirm that traff@ad volume and weight increase with
time. Vu & Stewart (2000) suggested that the meanktweight and the corresponding
standard deviation are time dependent:

() = fhyo @+ Ay)' (111.1.10)

ow (t) = oo @+ Ay)" (11.1.11)

wherel,, is the annual increase of truck weight (=0.005).

The average daily truck traffic can be expressed as
ADTT (t) = ADTTinitia) @+ A)" (111.1.12)

wherel, is the annual increase in traffic volume (whichges between 1-3% taken 2.3% as
an average value [Vu & Stewart 2000]) aA®TTiiia iS the initial average daily truck
number at construction time of the bridge.

ADTT can be assumed as a fraction of the total tralifw,fthis fraction depends on the
class (rural, urban... etc) of the highway [AASHTRFD 2007]. Five values oADT Tiitial
were considered in the 50, 250, 500, 750 and 1@@B4/day. Such these values can simulate
the level of traffic amount on the bridge.

Extreme truck events (i.e. bending moments or shgdorces) induced in the girders are
affected by four variables [Nowak 1993; Nowak 2Q04]

1. Truck model.

2. Impact factor.

3. Variation in transverse traffic positiafu,e through bridges lanes (see Figure I11.1.1).
For standard 3.6 m wide land;e is approximated by a Log-Normal distribution with
coefficient of variation 0.33 and mean value of @® measured from the edge of the
lane to the centre line of the outermost vehicle&h

4. Multiple presence of fully correlated heavy truclesby-side on bridge deck traffic
lanes (two lanes in the present study).
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[1l.1: Probabilistic model of design variables

Nowak (1993) has observed that on average a tsiok ithe bridge simultaneously with
another truck (side-by-side) about every 15 truoksSings. For these simultaneous
occurrences, the author observes that:

« Every 10" time of side-by-side trucks are partially correth{with regard to weight).

The weights of side-by-side trucks have a coeffica correlation equals to about 0.5.
« Every 30" time of side-by-side the trucks are fully correth(i.e. have approximately
the same weight).
The later observation is the most important becabsegirder extreme effects, bending
moments or shearing forces, due to the crossimtkdrare function of the fully correlated
side-by-side trucks on the bridge. For exampleADTT=250 truck/day, there are 203
cases/year of simultaneous presence of fully catedl trucks (number of simultaneous
presence cas@=365ADTT/450 caselyear).

Kozikowski (2009) proposes another field survegluding two sites in Florida and New
York cities. The total number of records equalsl854,004 and 1,594,674 in Florida and
New York respectively in 12 months. Multiple preses were filtered. Different correlation
between the trucks side-by-side on the bridge wemrded and analyzed through the
surveyed data. The authors have performed a statishalysis of the side-by-side trucks on
the bridge. They found that about 1259 and 187ekgun the first lane are fully correlated -
with respect to gross vehicle weight - with truglessed in the adjacent lane Florida and New
York respectively.

In order to take into account the multiple truckgences in evaluating the extreme effects
(e.g. bending moment), extreme value analysisgaired. Rationally, the way to analyze the
extreme value of a variable over a period is basethe knowledge dEDF of the maximum
value of this variable over a shorter basic peridten, assuming that the maximum effect in
each basic period is an independent variable gquhditributed in all periods [Crespo-
Minguillon & Casas 1997], thus theDF of the extreme value over the long period can be
expressed as:

Fr(x) = [FL(0]N (11.1.13)
where F, is the CDF of the maximum effect ifN basic periodsF; is the CDF of the
maximum effect in one basic period.

In our case, Equation 111.1.13 was employed to fihed CDF of extreme event based on
the CDF of an individual truck such that:
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[1l.1: Probabilistic model of design variables

N@+Ay)"
Fo(w,t) = {cb[w_—“w(t)ﬂ (111.1.14)
ow (1)

wheret is the time in yearsb is theCDF of the standard normal distributiga(t) andow(t)
were defined in Equations 111.1.10 & 111.1.11 resgeely. N, in this case, is the number of
crossings (side-by-side) heavily loaded fully ctated trucks per yeat, is the expected
annual growth in the traffic volume,£0.023).

According to Nowak’s (1993) observatiomswill be taken as a ratio &DT Tiniia. Based
on the probabilistic transformation discussed Ih31.3 (Equation 11.3.13), Equation I1.1.14

can be transformed from the physical space to dhmalized U-space such that:

1

N(+Ay)"

w= gy (e q:(u){ ] + iy (©) (11.1.15)

The above observations were used to obtain a dad probabilistic model during the
bridge lifetime. Table 111.1.6 presents the reqdirstatistical parameter of the random
considered variables. It is assumed that the iser@atraffic volume takes place at each year
increment and that traffic simulation from year ttte next is statistically independent.
Consequently, simulations can be treated separdtelyeach time increment [Crespo-
Minguillon & Casas 1997; Vu & Stewart 2000].

Table 111.1.6: Probabilistic parameters of loads random variables

Variable. Distribution Units  Nominal  4° CoV Cource

Model error Normal 1 0.98 0.07 [Nowak 2004]
iane Log-Normal mm 900 1 0.33 [Nowak 2004]
concrete weight Normal depend on analysis  1.05 0.1 [Nowak 1993]
Asphalt thickness Normal mm 90 1 0.25 [Nowak 1993]
Truck loadw Normal kN 250 1 0.4 [Vadt al 2000]
Impact factor IL) Normal --- 0.1 1 0.8 [Vadt al 2000]

%) bias value?CoV coefficient of variation.

[11.1.2.3.2 Probabilistic structural error model

Two theoretical methods can be used to determinmek tevent (bending moment or
shearing force). The first is the simplified forrasilof girder distribution factors reported in
bridges design codes [e.g. AASHTO-LRFD 2007] whinlolved high values of uncertainty,
as shown by their statistical parameters (higand variation coefficien€oVy equal to 0.93
and 0.12 respectively). The second is to use stiqdiisd methods such as the finite element

analysis which was used in our case, because \tide® a robust prediction tool of the
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[1l.1: Probabilistic model of design variables

structural truck events. In addition, uncertaintyeg in the first method can be decreased to
g =0.98 andcow=0.07 [Nowak 2004]. Recent field tests have condidnthat the girder
distribution factor can be treated as a Normal oamdariable [Nowak 2004].

[11.1.2.3.3 Overall live load Probabilistic model

In order to decrease the number of random variaijldse live load, the impact factdi]
and the truck weight given in Table 1ll.1.6 wersw@amed statistically independent [\l al
1998]. ConsequentliL andw can be merged in one variable which has a meareahd
coefficient of variation of 275 kN and 0.408 redpedy (e.g. 250x(1+0.1)= 275 kN &

v 047 + 008 = 0408).

In our research, three key points were used toldp\eelive load model: (1) Monte-Carlo
random number generation, (2) finite element amalgad (3) neural network applications.
For eachADTT value and at each time increment (e.g. one y#a)following steps were
performed to develop the probabilistic model of #dreme effects, based on Nowak’s
(1993) observations:

1. A dataset of the live load random variables isppred. The dataset consists of 810
combinations ofd,ne andw (see Table I11.1.7). Ranges dfn. andw have been chosen
such that all the expected generated values wilidan the minimum and the maximum
values of these ranges. For each case of the tal#d&erent values e were considered
for each lane. According to Nowak (1993), we alsadenthe assumptions that extreme
event induced in the girder takes place when twoks (side-by-side) are on the bridge;
these two trucks are then fully correlated. In otherds these trucks have a coefficient of
correlation equals to the unity. Consequently, tthe side-by-side trucks have the same
weight w. Finally variations in dead load, surface load andterial properties were
neglected, as they are expected to have insignifeifect on the live load model.

Table I11.1.7: Range of live load variables and correspondingeaof the analyzed actions.

Variable. Units Range Remarks

iane Mm 0:200:1600 Range for each lane
Extreme truck weight including impaat kN 400:100:1300 The range for the two lanes
Corresponding extreme bending moment kN.m  20.194411

Corresponding extreme shearing forces kN 156.439264

2. Finite element analysis program Abaqus is usethédyae each case in the dataset. Bridge
deck is simulated using shell and beam elementbridge slab and beams respectively
(see Figure 111.1.10). For each case the mid sparding moment and the support shear

force were recorded. Appendix D.1 gives an exanoplmput file for a case within the
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prepared dataset (case number 810).

U, u2
+1.827¢+00
-5.880e-01

-3.003e+00
-5.417e+00
-7.832e+00

-1.508e+01
-1.749e+01
-1.991e+01
-2.232e+01
-2.473e+01
-2.715e+01

Figure 111.1.10: Deformed shape of bridge deck;. 1600mm for first and second lane,
extreme weight of side-by-side trucks equals to01RN. (case number 810)

3. Based on the dataset prepared in first step anid tberesponding actions, a neural
network were constructed, trained, validated astete Figure I11.1.11 presents the inputs
of the neural network. Output of the neural netwark actions induced in the interior
girder of the bridge deck; maximum bending momemd ahearing force. This neural

network used to predict additional actions.

r
diane foOr the first lane
2 Neural Output Beam actiong
>
S < | dane for the second lan Network moment/shear
Extreme truchlweightw
g

Figure 111.1.11: Inputs and outputs of neural network used to ptezktreme actions in the
interior girder of the bridge deck.
In order to provide a visual presentation of theuaacy of the neural network constructed
in this step, Figure 111.1.12 present a scattetrithigtions of the beam actions extrapolated
using neural networks and real values obtainedgusam-linear finite elements analysis. It
can be noted that the application of neural netveqmidication provides a robust predictor
for the response of the bridge deck (coefficientatelationR =0.999).
4. Based on the individual distribution of each valéalsee Table IIl.1.5 and Equation

111.1.9), Monte Carlo technique is used to genefidfevalues of these variables. Thus 10
extreme actions (shear and bending moment) arellagdd using the neural network
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constructed in the previous step.

5. The PDF of the extreme events for a certain actions (bepdioment or shearing force)
were fitted by continuous distribution. Many statial distributions were examined using
Kolmogorov-Smirnov test (KS-test) with a level ajrsificance of 5%. The KS-test results
indicate that both Log-Normal and Generalized ExeeValue (GEV) distributions can
best fit the generated data. Then, KS-tests argedanut for these two distributions with
level of significance lower than 5%. It is finallgund that the Log-Normal distribution is
still valid contrary to the GEV distribution. Thuse choose Log-Normal distribution to

simulate the extreme bending moments and shearogd.
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Figure 111.1.12: Scatter distribution of target and predicted axi810 cases),
bending moment, obtained using neural network.

Figures 111.1.13 & Ill.1.14 show samples of simudat results for extreme bending
moment and shearing force induced in an intermedjatier respectively. Results shown in
the figure are normalized in term of bias; i.e.rexte actions were divided by the nominal
action obtained by the AASHTO specifications. NoahiAASHTO actions were obtained
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considering the two trucks of standard HS20 type&kivere positioned on the bridge lanes
such that;ne=900 mm. The proposed model was used to fit theelbad probabilistic model
at a time increment equals to one year. For the tdapendent reliability analysis, the
parameters of the Log-Normal distribution betwelea two time increments were obtained
using linear interpolation between these incremeitsording to Figures 111.1.13 & 111.1.14,
increasing théDTT value increases slightly the actions biases. Gra#flive load over time
increases dramatically these biases and the disparykthe generated data.

A ADTTJSO truck/day |_Fitted Lég Normal | AQ:I’:I:-?@Q tr yplg/ggyf S - |

o |\ i 3
o 2F---- II | S i : ****** —

‘Ir I |

|I||““| Lk i
. 0.5 1 15 2 25 3

M Extreme/'vI n,AASHTO M Extreme/'vI n,AASHTO
4 ADTT=500 truck/day ADTT:750 truckaay

PDF

M Extreme/'vI n,AASHTO M ExtremellvI n,AASHTO

—t=0yr
------ t=50 yr
------- t:100 yr

M ExtremellvI n,AASHTO

Figure 111.1.13: Probability density distribution of extreme gertedhbending moments bias
(MextreméMn aasHT; MextremelS the extreme bending moment agaasnrols the nominal
bending moment based on AASHTO specifications.
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i

PDF

PDF

VExtreme/Vn LAASHTO

—t=0yr
------ t=50 yr
"""" t=100 yr

PDF

VExtreme/Vn,AASH TO

Figure 111.1.14: Probability density distribution of extreme gertethshearing forces bias
(VextreméVn aasHTd; VextremelS the extreme shearing force anghasktols the nominal shearing
force based on AASHTO specifications
In order to clarify the effect of the variationdarited to the four random variablekes,
danez W and structural model error) involved in the pragbsmodel, five cases were

simulated using the trained neural network. The Gases are:
1. A reference case at time 50 years wiDTT=1000 truck/day (all the variables are
probabilistic ones with distributions given in Tabll.1.7)
2. The reference case considerige1 as deterministic value equals to 900 mm
3. The reference case considertgez as deterministic value equals to 900 mm
4. The reference case considering structural model @s deterministic value equals to
unity
5. The reference case considering- extreme truck weight including impact effecas
deterministic value equals to 850.487 kN. This gals calculated using Equation
[11.1.15 with u=0.
The PDF of the generated data were plotted in Figure.llb1It can be noted that only three
variables have a significant effect on ®BF of the live load model. Such these variables are
diane, W and structural model error. While the truck pasitin the second lan#,ne2 has no
effect on the live load model, sinB®F of the reference case 1 and the case 3 are ideasic

shown in Figure [11.1.15. Thus, this variable candmnsidered as deterministic value equals
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to its nominal valuedanez=900 mm) in the subsequent reliability example.
35

Reference case
————— Neglect variation in ¢,

—_—— Neglect variation in %nez

PDF

M

IM
Extreme  n,AASHTO
Figure 111.1.15: Sensitivity of the live load model to its randorriables, time=50 years and
ADTT=1000 truck/day.
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[11.1.3 CONCLUSIONS

This chapter presents the parameters of the prisdiabmodels of all the variables considered
in the reliability analysis. These variables wereictd in four categories: environmental,
material, geometrical and loading. Monte-Carlo datian technique was used in conjunction
with a corrosion model to obtain a time-dependewbabilistic model of steel corrosion.
Different values of concrete cover ranges betweBnt® 45 mm were considered. A
Kolmogorov-Smirnov test (KS-test) with a level afrsficance of 5% was used to fit the
distribution of the generated data. Log-Normalribsittion was found to be the best predictor
of time to corrosion initiatiori,; and severe cover cracking While Bi-modal distribution
was found to be the best predictor for the stezd aver the time after corrosion initiation.

In addition, the chapter presents a time-variarg load model; the growth of traffic load
over the time is considered in both weight of hetugks and traffic volumeADTT, Average
Daily Truck Traffic; truck/day). The model is based Nowak’s (1993) field observations.
These observations include truck weight, positibthe truck through the traffic lane and the
number of simultaneous presence of two adjacenksron the bridge deck. 810 combination
cases were analyzed using a Finite elements progifdrese combinations and their
corresponding responses, bending moments or shefmices, were used to train, validate
and test a neural network. Monte-Carlo simulatechhique was used to provide vectors of
live load variables and their structural responsesng the trained neural network.
Kolmogorov-Smirnov test (KS-test) with a level afsficance of 5% was used to fit the
distribution of the generated data. Log-Normal &Bdneralized Extreme Value (GEV)
distributions were found to be the best predictdrstructural actions due to truck loads. Log-
Normal distribution was used to perform the religdpianalysis. Various values ADTT
were considered (50 — 1000 truck/day).
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PART |ll: NUMERICAL APPLICATION AND
RESULTS

Chapter II1.2: Results of reliability analysis.

[11.2.1 INTRODUCTION

Time dependent probabilistic steel area and lived lonodels developed in the previous
chapter were used to perform a reliability analysfighe interior girder shown in Figure
[1l.1.1. The other geometrical and material randariables are presented in Table 111.1.3. In
addition, the structural model errors for the difet limit states considered are given in Table
l1l.1.4. Reliability analysis, of FRP strengtherie@ beam, presented in the present chapter is
divided into two main parts. The first is the rélldy analysis based on FORM algorithm and
simplified limit states formulas proposed in prengostudies. The second is the reliability
analysis using Monte-Carlo simulation based on Bleletwork applications MC-NN.
Dataset required to train neural network were deitezd using finite element method. The
considered beam was designed such that the rélaibidlex, at timet=0, is greater than the
target reliability index required for AASHTO spadcdtions: $1=3.5. FRP strengthening was

assumed to take place at the time when the retialridex reaches a minimum valya,n
(=3).
[11.2.1 RELIABILITY ANALYSIS BASED ON FORM METHOD

[11.2.1.1 Flexural limit states

Time dependent reliability analysis was performedffexural limit state of RC beam. In a
first step, we consider only the growth of live doaver the time and no corrosion
deterioration. Five values of Average Daily Truckaffic were consideredDTT=50, 250,
500, 750 and 1000 truck/day. These values can atemuhe traffic volume aggressiveness
effect on bridge reliability. The reliability indeas a function of time is shown in Figure
[11.2.1. It can be noted that the reliability indg@xofile is not significantly affected by the
ADTT value. Indeed, the differences of reliability inde betweenADTT=50 and
ADTT=1000 equal to 0.211 and 0.626 at times equals d0dd100 years respectively. The
figure also shows that the reliability profile igmificantly affected by the growth of live load
over the time and the girder is reliable for mdrant 50 years (e.g. fack50 years >fmin).

206



[11.2: Results of reliability analysis.

While for the last 50 years, the girder is stilhmoderate reliable conditions ranges between
1.929 and 2.555.
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Figure 111.2.1: Effect of live load on reliability profile of RCdam for flexural limit state (No

corrosion).

In order to evaluate the effect of coupling thellwad growth with corrosion effect. Both
uniform and pitting corrosion models, presenteg¢hapter 1.1, were also considered. For an
ADTT value equals to 500 trucks/day taken as an examgiability analysis were conducted
to assess the influence of the concrete coverl@bildy index. Five values of concrete cover
c were considered: 25, 30, 35, 40 and 45 mm. Resutt® plotted in Figure 111.2.2.
According to the results, growth of live load is mcignificant in deteriorating reliability
index at high cover values 35:45 mm. While pitting corrosion, &=25:30mm, is more
hazardous than live load growth. In addition, pdticorrosion is potentially more hazardous
in all cases than uniform corrosion; it is sigrafitly accelerates time to strengthening. From
a practical point of view concrete cover of 40 ms required for aggressive marine
environment according to the prEN 10080 (1999).<éguently, it can be observed that when
coupling growth of live load effect with either fity or uniform corrosion the beam is still
reliable for about 45 years (e.g. 3145 yearsf>pmin). Figure C.1 to C.4, in Appendix C,
present the reliability profile for all the analgzeombinations of andADTT.
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In order to generalize the relationship between d¢bacrete cover and the time to

strengthening, reliability analysis were conductedall the possible combinations between

the concrete cover and thEDTT values. Time to strengthening was evaluated fahea

combination ofc andADTT. Results were plotted in Figures I11.2.3. It canrmoted that the

relation betweer and the time to strengthening is linear forADTT values. In most cases,

the beam under uniform corrosion maintains religbihdex for a time more than 40 years.

From the other side, pitting corrosion accelerétestime of about 30%. For a choosen cover

value, time to strengthening for uniform corrosisimore senstive to th®DTT than pitting

corrosion with respect tADTT.
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Figure 111.2.3: Relation between coverand time to strengthening, flexural limit state.

As the scope of the present study extends beydrabitity of deteriorated RC beams
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[11.2: Results of reliability analysis.

towards FRP strengthening, we discuss in the fatigwparagraphs the effect of FRP
repairing on the reliability profile.

Herein, we assume that corrosion activity will rog affected by FRP strengthening
scheme, as it was proven in previous studies tR& $trengthening does not affect corrosion
process of steel reinforcement embedded in con¢sete§ 1.1.7). The reliability analysis was
implemented assuming that strengthening processake place at a time such that reliability
index reaches a minimum valggi.=3. Two layers of the CFRP laminates with thickness
equal to 1.27 mm/layer are considered. Width ofRR® plate is taken equal to 300 mm.

Two strengthening options were assumed:

1. Non-anchoraged end FRP laminates. The controlledliibg momentM, nn can be

expressed as:

Mu,min = min(M ucc: Mu,FRP;r - IVIu,FRP,d) (1n.2.1)
where M, ¢ is the ultimate bending moment due to concretshing failure mode.
My rrer IS the ultimate bending moment due to FRP ruptiMkg=rp 4is the ultimate
bending moment due to FRP intermediate crack debgridee § 11.1.2.1).

2. Anchoraged end FRP laminates. The controlled bgndimoment My min can be

expressed as:
Mu,min = min(M u,cc |Vlu,FRP,r) (1.2.2)

Analysis results of all the combinations@&ndADTT values are presented in Appendix
C (Figures C.5-C.8). For all the cases, resultardlysis have shown that the controlled
failure mode after strengthening is limited by @ERP strain; FRP rupture strain or FRP
intermediate crack debonding strain (depending @hewthe CFRP ends are anchoraged or
not). While concrete crushing in our case was hetcontrol failure mode after strengthening
although the tension steel is in yield domain, thisirns to that the total amounts of steel and
FRP reinforcement ratio after strengthening is beyond the limiting ratio that causes
concrete crushing.

For the non-anchoraged FRP laminates, it is fohatlthe debonding failure mode is the
controlled mode; FRP rupture and concrete crushrmegyet occurred. While For anchoraged
FRP laminates rupture failure mode was found toth®e control failure mode, concrete
crushing did not occur.

Figure I11.2.4 shows a result sample of the religbanalysis of the strengthened girder
with c=30 mm &ADTT=500 truck/day. The most important characteristithis figure is that

anchoraged FRP laminates is more effective in asing reliability index than non-
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[11.2: Results of reliability analysis.

anchorage end laminates. In other words, FRP regtilure mode provides more reliability
than intermediate cracking FRP debonding, as iét\abndex of strengthened beam
controlled by FRP rupture failure modes is appratety twice the reliability index of FRP
strengthened beam controlled by FRP debonding.

In addition it can be observed that rate of detation in the reliability profile after
strengthening is the same for both strengthenednanedstrengthened beams. Accordingly,
the additional service life provided after stremgtimg for FRP anchoraged laminates is
approximately twice that for non-anchoraged FRPinabtes if FRP durability effect is
neglected. Although the time to strengthening i$ the same for uniform and pitting
corrosion, the increase in the reliability indekes the same value. We can conclude that the
vertical increase in the reliability index does ra#pend on the deterioration level the
reliability profile.

g (@ Uniformcorrosion | | | /(o) Pitting corrosion - non-strengthened section
sefvice life | _ Additional ! N ! ==== non-Anchoraged enq laminates
[ [ Service life| > | —— Anchoraged end laminates
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Figure 111.2.4: Reliability profiles of FRP strengthened RC beamflexural limit state

under corrosion deterioration and growth of livaddADTT=500 truck/dayg=30mm).

Although, concrete crushing did not occur afteersfthening, this cannot be generalized
in most FRP strengthening cases. We try the arsalysh another CFRP material properties
reported in [Atadero & Karbhari 2009]. For simpiicithe above CFRP properties used in the
previous discussion and reported in Table IIl.X€ denoted as the ones of material type A,
while the other CFRP material [from Atadero & Kaabh2009] is denoted as material type B.
Probabilistic model of both FRP material properties given in Table 111.2.1.

Results of the two cases are plotted in Figur@.Bl. According to the results of FRP non-
anchoraged laminates, both cases A and B are dledtrioy intermediate crack debonding
failure mode. Although the modulus of FRP type Blmut 1.373 times the modulus of the
FRP type A, there is no significant difference bedw their reliability profiles. As far as FRP
anchoraged laminates are concerned beams fail hgrete crushing and FRP rupture for

material types A and B respectively. The latter FR&erial type gives lower deterioration
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[11.2: Results of reliability analysis.

rate than the former, this may returns to its mgechanical properties with respect to FRP
material type A.
Table I11.2.1: Probabilistic parameters of FRP material typesnd B.

Type Variable Distribution Units Nominal /*(mean) CoV’(c°) Source

A Erre Lognormal GPa  51.7 1 0.2 [Atadero & Karbhari 2007]
ferp. Weibull MPa  620.5 1 0.15 [Atadero & Karbhari 2007]
trre Lognormal mm 1.27 1 0.05 [Atadero & Karbhari 2007]
B Eerre Lognormal GPa 71 1 0.25 [Atadero & Karbhari 2009]
ferp. Weibull MPa  1160.23 1 0.12 [Atadero & Karbhari 2009
terre Lognormal mm 1.0891 1 0.09 [Atadero & Karbhari 2D09

Errpe frrpu@ndtegp are the modulus, strength and thickness of FRRmaatespectively.

; (8) FRP non-anchoraged laminates | (b) FRP anchoraged laminates |
; ; ; ; ; ; control failure mode:
P~ [ S I B a— I>~-4g concrete crushing
S ‘ : : : S ‘ !
c : l : : £ l l
EN - D ] >3 C ‘
% 2| - - control failure mode - ——7™g -1 % 2t ------ — —control-failure mode™\_
= is intermediate cr ; i ! is FRP rupture
= ,L__debonding forthe ~_ ______ S = 10 : R
two cases: A& B | : ——CFRP mater!al type A :
| | | | ==== CFRP material type B |
% 20 40 60 80 100 % 20 40 60 80 100
time (years) time (years)

Figure I11.2.5: Comparison of flexural limit state reliability gres of interior RC beam

strengthened with FRP materials A and B, pittinga@sion and growth of live load are

consideredADTT=500 truck/dayg=30mm).

Considering the effect of FRP durability on theaieility profile of FRP strengthened RC
beams after time to strengthening, deterioratiorthim mechanical properties of the FRP
composite material were assumed according to thabdily model proposed by Karbhari &
Abanilla (2007) (see 8§ 1.2.4 and Equation 1.2.4Bjgure IIl.2.6 presents the reliability
profiles of FRP strengthened RC beam taking intmant FRP durability. It can be noted that
FRP durability has no effect on the reliability fileo when the control failure mode is FRP
debonding (case of non-anchoraged FRP laminates).

In contrast, rupture failure mode (for FRP anchedaaminates) is significantly affected
by FRP durability as it reduces the additional merVife by 26%. However, the remaining
additional service life is still longer than thabpided when non-anchoraged FRP laminates is
used. For example, in Figure 111.2.6, f6fi=2, we can obtain a service life of 83.42 and
92.83 years respectively for non-anchoraged andhaaaged laminates. Thus, it can be
concluded that the design of FRP strengthened hisamy anchoraged FRP laminates is more
effective than non-anchoraged laminates for theesBRP thickness. This effectiveness takes

place in both reliability aspect and additionalves life provided after strengthening.
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Figure 111.2.6: Flexural limit state reliability of FRP strengtteghRC beam under uniform
corrosion deterioration, growth of live load, FR&tability (ADTT=500 truck/dayg=30mm).
The two cases compared above, in Figure Ill.2.5yeweanalyzed considering durability
effect as shown in Figure Il.2.7. It can be notkdt degradation of FRP properties, due to
aging effect, does not change the control failuoglenif it started initially with FRP rupture
(Figure 111.2.7a). As far as material type B is cemed, starting initially with concrete
crushing, FRP durability consideration results iweatical drop in reliability profile after
strengthening as shown in Figure 111.2.7b. Thispdieads to a change in the control failure
mode from concrete crushing to FRP rupture. Conisige=RP durability has no effect on
reliability if it is controlled by concrete cruslgrailure mode, while a significant deviation is

observed in the reliability part of the profile whiis controlled by FRP rupture failure mode.
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Figure 111.2.7: Durability effect on FRP anchorage laminates ftaklimit state reliability,
strengthened with FRP materials A and B, pittingasion and growth of live load are
consideredADTT=500 truck/dayr=35 mm).

One of the main advantages of reliability analyseng FORM method is the possible
direct calculation of the sensitivity factor of tldesign variables provided throughout the
analysis (Equation 11.3.32). These sensitivity dast reflect the random variables
contributions on the reliability index. Generalbgnsitivity factor of a random variable takes

value ranges between -1 to 1. Values of sensitfaityors closed or equal to zero reflects that
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[11.2: Results of reliability analysis.

their corresponding random variables have no eftectthe reliability index and can be
considered as deterministic values in the limitestdmportance of any random variable
increases as the absolute value of its sensitifaistor increases towards the unity.
Consequently we can judge which of these variatdesbe considered as random variables or
as deterministic parameter in the limit state. Resaf the sensitivity analysis were reported
in Appendix C - Tables C1-C3 — for allandADTT values. Results were reported in terms of
maximum and minimum values. The results indicad¢: th

* For non-strengthened beams (Table C.1): yield gtrerlive load, dead load, steel
area and structural model error have a major infleeon limit state reliability. While
geometrical properties, concrete compressive dineagd concrete modulus have
insignificant effect on limit state reliability.

* For FRP strengthened beams with FRP intermediatek adebonding failure mode
(Table C.2): yield strength, live load, dead losiitel area and structural model error
have a major influence on limit state reliabiliwhile cross-section dimensions,
concrete properties and FRP properties have irgignt effect on limit state
reliability.

 For FRP strengthened beam with FRP rupture failmede (Table C.3): yield
strength, live load, dead load, steel area, FR#hgth and structural model error have
a major influence on limit state reliability. Whit¥oss-section dimensions, concrete
properties and FRP modulus have insignificant ebétimit state reliability.

In order to visualizes these factors as functiotimoé, Figures I11.2.8 shows the sensitivity
factors of the flexural limit state of FRP strerggted RC beam with, as an example, concrete
cover equals to 30 mm and unddTT=500 truck/day.

The figures show the variation of sensitivity fastmver the time due to corrosion of
reinforcement and growth of live load over the tiritecan be noted that growth of live load
does not affect sensitivity factors over the tinmg hon-strengthened beam (see Figure
111.2.8a). A high variation in the sensitivity famt of steel areads and yield strengtHy is
observed when coupling live load growth with comasespecially of pitting type (see Figure
[11.2.8c and Figure Il1.2.8f).

For the case of FRP anchoraged laminates, a sutldgntakes place in yield strength
sensitivity factor. This can be due to the factt tthee FRP plate is stressed to its ultimate
capacity, rupture capacity, leading to a decreasteel contribution to the limit state (see for
example Figure 111.2.8h).

As previously mentioned, the control failure modehe anchoraged laminates are FRP
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[11.2: Results of reliability analysis.

rupture and concrete crushing for FRP material #pend B respectively. In order to show

the effect of the control failure mode after stitheging on the sensitivity factors, Figure

[11.2.9 gives the sensitivity factors of the twoses. It can be noted that the major significant

changes between the two cases are limited to theitiséty factors of the FRP properties

(strength, modulus and thickness):

* The sensitivity factor of FRP strength equals tazaghen concrete crushing is the control
failure mode (case FRP material type B).

* A significant increase over time in the sensitivictor of the FRP modulus when
concrete crushing is the control failure mode (daR® material type B). In addition, the
FRP strength sensitivity factor direction is chahf§@m negative with FRP material type
A to positive with FRP material type B.

» Aslight increase is observed in the sensitivigtda of the FRP thickness.
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Figure 111.2.8: Time dependent flexural limit state sensitivitgtiarsa of FRP strengthened
RC beam forADTT=500 truck/dayr=30mm).
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(b) CFRP 'material B
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Figure 111.2.9: Time dependent flexural limit state sensitivitgtiar o of FRP strengthened
RC beam with anchorage laminateSD{T T=500 trucks/day¢=30 mm).

[11.2.1.2 Safety factors for flexural limit state
In an early study proposed by Plewetsal (1995), the authors suggested a specific reduction
factor @ = 0.8) for the CFRP contribution to strengthenkment resistance. However the
study was limited to concrete crushing failure ma@#suming full composite action; the
authors neglected mid span CFRP debonding and EpRtare. In a recent publication, by
Pham & Al-Mahaidi (2008), discuses the reliability strengthened beams considering
multiple types of failure modes: CFRP rupture, imtediate crack debonding and end
debonding. Atadero & Karbhari (2007) have studikd teliability versus time of CFRP
strengthened concrete beams considering uniformosion and FRP durability. The authors
focused on the importance of the statistical prigperof CFRP material on a CFRP safety
factor, which had been calibrated for various tergeliability indices. However, the authors
neglect the structural model error which has imgpdrteffect on the reliability index.
Moreover, the study does not take into accoungtbevth of live load over time.

The traditional format of Load and Resistance Desigctors LRFD that must be satisfied

in design of FRP strengthened RC section can beessgd as:
YoDL+ y WL+ y, LLS @R(....... Werp Xerp) (111.2.3)

whereyp, yw, andy,_ are load factors for dead and wearing surfacdigadoads respectively.
DL, WLandLL are the bending moments due to asphalt wearirfgcguload, concrete weight
and live load respectivelyt is the global safety factoR is the nominal resisting bending
moment.yrrp is FRP partial safety factoXcerpis the FRP contribution to resistance.

In the present section we focus on the effect ofigdasafety factorsp and yerpOn the
reliability index s of the FRP strengthened RC beam. Ranges(6f6-0.875) and/erp (0.6-

1) were considered.
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[11.2: Results of reliability analysis.

For each combination @f andyere:

* Time dependent reliability analysis was performedalculate time to strengthening of
the RC beams assumiAdpTT=500 truck/dayr=25mm (taken as an example).

* At time to strengthening, the thickness of FRP fatestrrp is calculated such that
Equation 111.2.3 is satisfied using in incremenpabcedure; an initial value drp is
assumed. This value is increased incrementallyl timgi resistance part in Equation
[11.2.3 reaches the loading part. Characteristities of FRP properties (strength and
modulus) required in Equation I11.2.3 are calculbéecording to ACI 440.2R-02.

* Once Equation II.2.3 is satisfied the reliabililgdex is calculated using FORM
method for the flexural limit state function (Equat111.1.8).

The two FRP types A and B given in Table Ill.2.1reveonsidered. FRP width was taken
equal to 300 mm. The reduction of FRP strengthuastfon of number of FRP layers is
considered (see 8 I11.1.2.1).

Figures [11.2.9 to 111.2.12 give results of two etigthening schemes: anchoraged and non-
anchoraged FRP end laminates. It can be obseroed $pecific required target reliability
index that the corresponding partial safety factmes not identical for anchoraged and non-
anchoraged FRP laminates. For example, consideiRig) material type A with partial safety
factors $=0.8 & wrrp=0.9) produces a reliability indgkof 4.13 and 3.66 for anchorage and
non-anchorage FRP laminates respectively. Thistpais not been treated in previous studies
or in design codes, as previous calibration studiiesot differentiate between the two cases.

In addition, it can be noted that the deterministdution of LRFD and probabilistic
solution of the limit state did not induce the safai@ire mode. In other words, deterministic
analysis of LRFD equation probably fails to prediw¢ true failure mode. Accordingly, the
probabilistic analysis is an essential tool whertiple failure modes are considered to take
place.

In term of deeper analysis of the results, lowdues of ¢ (<0.7) are not preferable;
indeed, un-conservative FRP amounts is requirecectsfy for non-anchoraged FRP
laminates (see Figure 111.2.11b). In addition,ahde noted that for high valuesgoandyerp,
the two strengthening schemes may required a satoessof the FRP thickness since the
control failure mode is FRP rupture.

According to the results, it can be recommendet gh@babilistic analysis is an essential
step in the analysis of FRP strengthened RC bedhadailure mode changes with respect to
the thickness, strength and modulus of the FRP rrahtdhese failure modes cannot be

exactly predicted using deterministic analysis loé . FRD equation especially for non-
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[11.2: Results of reliability analysis.

anchoraged system as shown in Figures [11.2.11lh2d13.

Figure 111.2.10: Reliability index and FRP thickness as functiompaftial factors assuming
anchoraged FRP laminated. FRP rupture is the ddathare mode in all the cases (FRP
material A).
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Figure 111.2.11: Reliability index and FRP thickness as functiorsafiety factors assuming
non-anchoraged FRP laminated. r & d denotes FRRneipnd FRP debonding failure modes
respectively (FRP material A).
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Figure 111.2.12: Reliability index and FRP thickness as functiompaftial factors assuming
anchoraged FRP laminated. cc & r denote concreshorg and FRP rupture failure modes
respectively (FRP material B).
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Figure 111.2.13: Reliability index and FRP thickness as functiorsafiety factors assuming
non-anchoraged FRP laminated. d denotes FRP detgpfadiure mode (FRP material B).

[11.2.1.3 Plate end debonding based shear crack

The second limit state that may take place whenyagpflexural FRP strengthening is the
FRP end-debonding based shear crack. The resistamen equation I11.1.8 is calculated
according to the debonding shear capa¥ifyenqgproposed by [Ahmed & van Gemert 1999]
(see 8 11.1.2.1.3 & Table 1.2.8). Thus, the limiate given in Equation 111.1.8 can be
expressed as:

9(x) = Agb,endVdb.end = 2 S (11.2.4)
wherelqgp engiS the structural model error, given in Tablell., which is obtained according
to 8 11.1.2.1.33'S denotes the summation of applied shearing fordeshnare taken equal to
the summation of applied dead and live shear foatéise plate end. Applied shearing forces
due to dead load include surface asphalt and ctnareights. While shearing forces due to
live loads including impact factor will be calcwddt according to the live load model

proposed in chapter Ill.1.

400mm g a 1400mm
FRP plate

Figure 111.2.14: Position of FRP plate end from beam support.

Reliability analysis was conducted according te timit state expressed by Equation
[11.2.4. It is assumed that the plate-end is sHifsdout 50 mm from the support as shown in
Figure 111.2.14. Two layers of the CFRP laminatathvthickness equal to 1.27 mm/layer are
considered. Width of the FRP plate is equal to 1300.
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[11.2: Results of reliability analysis.

In a first step, we consider that the deterioratadces place due to corrosion only and live
load growth will be neglected. Figure 111.2.15 prats the reliability profile of flexural limit
state and the corresponding debonding based shek lomit state. It can be noted that the
present limit state is slightly affected by detesiton due to corrosion (pitting or uniform);
i.e. there is a small variation on the index versus covec form with cover affects
deterioration.

In a second step, we perform the reliability analyd the present limit state considering
deterioration due to corrosion and growth of lisad. Results were plotted in Figure 111.2.16.
It can be noted that th&DTT has a slight effect on the reliability profile BRP debonding
based shear crack. In addition, growth of live l@agr time has a significant effect on
reliability. However, the limit state reliabilitysistill at considerable values (between 1.9 and
2.16 after 100 years).

flexural limit state; uniform corrosion FRP end debonding limit state; uniform corrosion
98 R e I A 99 . IR 17| —— c=45mm|
3 : ) & l 4 ---- c=35mm||
c : : ........ c=25mm
> 1 w i
= |
_ |
<
<
 time(years) . time (years)
flexural limit state; pitting corrosion FRP _end debonding limit state; pitting corrosion
Q g ° |
o] o] ;
§e) 3 4
£ £ |
b b 3 |
= =
= <
T Tl ‘ ‘
| |
O 1 1 1 1
0 20 40 60 80 100
time (years) time (year9)

Figure 111.2.15: FRP debonding based shear crack reliability psfilnder corrosion
deterioration ADTT=500 truck/day).
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[11.2: Results of reliability analysis.
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Figure 111.2.16: FRP debonding based shear crack reliability prsfilnder corrosion
deterioration and growth of live load over tinee35 mm).

In order to take into account the effect of thetatisea on the reliability of FRP
debonding based shear crack limit state, threeegabfithe distanca was considered: 50, 250
and 500 mm. Reliability analysis were performed floe three values of the distanae
Results were plotted in term of reliability profies shown in Figure Ill.2.17. It can be
observed that the distanaenave a high significant impact on the reliabilisofiles; indeed,
the increase in the distan@e decreases dramatically the reliability. Finally, can be
concluded from Figures [11.2.15-111.2.17 that thencrete coverc and theADTT have no
significant effect on the deterioration rate of te&ability of FRP end debonding based shear
capacity limit state. Howevea, has a significant effect; i.e. reliability profiie very sensitive

to a. Thus, the distanashould be closed to 0 to reduce its risk on tletga
3

N
4

N

reliability indexg
-

o
o

910 50 60 70 80 90 10C
time (years)
Figure 111.2.17: Effect of distance& — see Figure 111.2.12 - on FRP debonding basedrshe
crack reliability profiles ¢=35mm &ADTT=500 truck/day).
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[11.2: Results of reliability analysis.

To sum up, Table II.2.2 presents the sensitivdigtérs of FRP end debonding based shear
crack limit state. It can be observed that moghefrandom variables have sensitivity factor
value close to zero. This can reflect that thesealbkes have not any effect on the reliability
of end debonding limit state. Consequently, suobsehvariables can be considered as
deterministic in the reliability analysis. Howeve@gncrete compressive strength, localized
corroded steel bar area, dead load, live load andtsral model error are important factor in
reliability analysis.

Structural model erroflgpend has the highest sensitivity factor as it involvkidh
coefficient of variation equals to 0.2021 (see ¢bapl.1). If we consider this variable
reduced by 25% and 50% this may increase the i@hjalbndex by 32% and 83%
respectively. This can reflect the accuracy requine the statistical parameters of the
structural model error. Actually, only small datasemposed of 15 experimental cases was
found in the review. This cannot enable to provageurately parameters. In order to check
the accuracy of the reliability analysis using resent structural model error, the latter
section may provide more accurate reliability pcadn using finite element analysis and

Monte-Carlo simulation.

Table 111.2.2: Minimum & maximum values of relative importancecfor of design variable
on p; case of FRP end debonding based shear crack

Deterioration factor

Variable Growth of live load Growth of live load & Growth of live load &
only uniform corrosion pitting corrosion

fc 0.140:0.116 0.149:0.107 0.154:0.099
E. 0.004:0.003 0.004:0.003 0.004:0.003
A 0.024:0.020 0.077:0.028 0.341:0.033
d. 0.028:0.024 0.030:0.022 0.031:0.020
be 0.031:0.026 0.034:0.024 0.038:0.023
A 0.000 0.000 0.000
E. 0.000 0.000 0.000
S, 0.000 0.000 0.000
A 0.000 0.000 0.000
fn 0.000 0.000 0.000

Errr 0.000 0.000 0.000

ferpo 0.000 0.000 0.000
DL -0.055:-0.056 -0.056:-0.059 -0.056:-0.061
LL -0.188:-0.219 -0.180:-0.231 -0.172:-0.238

Adb.end 0.973:0.963 0.974:0.956 0.976:0.893

[11.2.1.4 Shear limit states
The simple formula used to evaluate the sheargénof a FRP-strengthened RC beam is
based on adding shear strength of RC beam\) to the contribution of external FRP strips

Verp (See Equation 1.2.31). We assume that the shm#rskateg(x) can be expressed as:
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[11.2: Results of reliability analysis.

9(x) = Ashrc Ve +Vs) + AshFrPVERP = . S (11.2.5)
whereV, andV; are evaluated according to Equation 1.2.32 an@®3.2espectivelyVegp is
calculated considering the model proposed by Tafdltu & Antonopoulos (2000) as given
in Table 1.2.10/sh rc @and Asp prp are the structural model error of the shear sthenfi RC
beam and FRP strips respectively which are giveable I11.2.1. The second term in
Equation 111.2.5 takes place only after to strergiing.> S is summation of the applied shear
forces due to dead and live loads. Shear forcetalliee load is considered according to the

live load model proposed in chapter Il1.1.

%

250mm

@12@200
A, q

100mn
I I ]
I—

200mm FRP strips

teresl.27Mmm

Oerp7550mm

Figure 111.2.18: Geometrical dimension of FRP shear strengthening.

In a first step, we consider the effect of livedagrowth over the time on the reliability
profile of RC beam. Dimension and configurationFiRP strips assumed in strengthening
process is presented in Figure 111.2.18. Resukspesented in Figure 111.2.19. It is shown
that ADTT gives a slight effect on the reliability profilee. the differences of index
between values ADTT are small. Although a considerable reduction camliiserved in the
reliability index over the time, the RC beam shiis a high reliability index. Accordingly,
strengthening process is not required in this cases can be explained by high initial
reliability index of the RC beam. Examining the tiwigures 111.2.1 & 111.2.19 reflects that the
rate of deterioration of the shear limit statelighély higher than flexural limit state, as they
give rate of deterioration equal to 0.016/year arfell8/year for the former and the latter

respectively.
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[11.2: Results of reliability analysis.
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Figure 111.2.19: Time-dependent reliability index of shear limiatet of RC beam under

growth of live load over time.

In the second step, we perform reliability analysissidering deterioration due to both
corrosion and growth of live load over the timevd-values ofADTT were considered: 50,
250, 500, 750, 1000 truck/day. Three values ofugis widthbs were considered: 348, 358
and 368bs is the distance between the centers of the twoches of the stirrups (see Figure
[11.1.1). All the Results of the analyzed cases avetotted in Figure C.9 and C.10 (see
Appendix C).

Samples of results were plotted in Figure 111.2f20 an ADTT value equals to 500
truck/day. According to the results, pitting corawsis potentially more hazardous in all cases
than uniform corrosion. In addition, uniform corias causes a level of deterioration equals
to that when considering live load growth only. $hate of deterioration in reliability profile
is approximately doubled (from about 0.16 year t820year). It can be also noted that
reliability profiles can be assumed linear afterrgsion initiation time when considering
uniform corrosion or/and growth of live load. Thignnot be generalized to pitting corrosion,
as the rate of deterioration decreases with tintabgse under high level of corrosion
deterioration the RC beam still retains the sheacrete contributioW, which is not affected

by corrosion process.
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[11.2: Results of reliability analysis.
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Figure 111.2.20: Time-dependent reliability index of shear limiatet of RC beam under

growth of live load over time and corrosioh¥TT=500 truck/day).

The reliability analysis was performed taking imtoccount FRP strengthening of the RC
deteriorated beam. Although the used model [Triditia & Antonopoulos 2000] can predict
both FRP rupture and FRP debonding failure modes,observed failure mode in all the
analyzed cases is FRP rupture and FRP debondingatlidccur. Results were presented in
term of time dependent reliability index as shownFigure 111.2.21. It can be noted that
applying FRP strengthening with FRP strips with @nsions and configuration shown in
Figure 11.2.14 can effectively increase the reliépof the beam. This increase approximately
ranges between 1.05-1.3. However, the major adgants FRP strengthening is the
significant decrease in deteriorated rate aftegngjthening. Indeed, the beam still retains a
reliability index after strengthening greater thizne minimum valuebnyin (=3.0) along the
considered lifetime (=100 years).

Finally, in order to evaluate the effect of FRPahility on the strengthened RC beam, the
reliability analysis were performed considering F&fthg in addition to corrosion and growth
for live load. Deterioration in the mechanical pedges of the FRP composite material were
assumed according to Karbhari & Abanilla (2007)e(8el.2.4 and Equation 1.2.48). Results,
of bs=368mm &ADTT=50 truck/day, are presented in Figure IIl.2.22.sAswn in the Figure

the degradation in the FRP properties due to FRRbilily has an insignificant effect on the
reliability index.

224



[11.2: Results of reliability analysis.
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Figure 111.2.21: Time-dependemt of shear limit state of FRP shear strengthened&an
under growth of live load over time and corrosi&{ T=500 truck/day).
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[11.2: Results of reliability analysis.
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Figure 111.2.22: Durability effect on time-dependent reliabilitydiex of shear limit state, both
growth of live load and corrosion are considetagd368 mm &ADTT=500 truck/day).
Sensitivity factors of all the analyzed cases amesgnted in Tables C.4 & C.5 (see

Appendix C). The tables present the sensitivitydecin term of the maximum and minimum

values observed for each random variable overdhsider lifetime. Figure 111.2.23 presents a

graphical presentation of the sensitivity factorerahe time. It can be noted that:

* For un-strengthened RC beam (Figures 111.2.23a ldr&123b): compressive strength
stirrups spacing,, live loadLL, dead loadL, stirrups are#s, and the model error of RC
shear contributionishrg are the most important factors. While all the eotlvalues
involved in the limit state insignificantly affettte limit state.

» For FRP strengthened RC beam (Figure 111.2.23cldr®&d23d): live loadLL, stirrups area
Asy the model error of shear RC contributidgp rc and the model error of FRP shear
contribution are the most important factors. A #igant decrease is observed in
sensitivity factors of compressive strengghstirrups spacing,, dead loadL. While all
the other values involved in the limit state insiigantly affect the limit state especially

those that corresponds to the FRP properties: megdsirength and thickness.

226



[11.2: Results of reliability analysis.
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Figure 111.2.23: Time dependent sensitivity factor of shear lingtte under growth of live
load over time and corrosiobs£358 mm &ADTT=500 truck/day).
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[11.2: Results of reliability analysis.

[11.2.2 RELIABILITY ANALYSIS BASED ON MONTE-CARLO SIMULATION

l11.2.2.1 General

In many cases of structural responses calculatomgusimplified formulas cannot catch the
accurate behavior. In our study, this has beenesediin many cases such as: serviceability
limit state (deflection), cover separation...etc. $hwe try to use a more efficient tool such
as finite element method. It is well known thatitérElement Method FEM is the most robust
tool used to provide structural responses. Bus itlifficult to perform explicitly reliability
analysis based FORM method and FEM as many diffieateons of the desired structure
response with respect to random variables are negjuFrom the other side Monte-Carlo
Simulation MCS technique based on NN and FEM ispmaationally costly because in most
cases MCS uses about*l§imulations at minimum. In addition FEM is compigaally
costly especially with concrete structures. Thaef®IN can be used to construct an explicit
structural response function based on a limit nunabé-EM simulations. Thus this function
can be coupled with MC to perform the reliabilityadysis. The computation procedure of
Monte-Carlo based Neural Networks and Finite ElenMethod MC-NN-FEM is proposed
in Figure 111.2.24.

Specify random variables and define the performdimaetion

v

Specify neural network’s NN; hidden layers, neufiayer,
activation functiois

v

Prepare the training, validation, testing datebssed on design
of experimer

v

Calculate the structural responses of the prepaeaitaset using
finite element methoFEM

v

Train the NN until the errors are acceptable, tiestNN

v

Prepare random vector of each of the consideredbran
variables based on tlstatistical models of the randc

v

Calculate the probability of failure from the NN
Figure 111.2.24: Flow chart of MC-NN-FEM

In the following sections we use MC-NN-FEM techregquto perform the reliability

analysis in order to:
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[11.2: Results of reliability analysis.

» Express the reliability for serviceability limitaege (beams deflection)
» Assess the reliability limit states obtained ussngplified formulas
1. Flexural limit state which involved concrete crughi intermediate crack FRP
debonding and FRP rupture failure modes.
2. FRP end debonding based shear crack limit state.
3. Shear limit state
» Conduct reliability analysis of cases that simedfformulas cannot be used (concrete
cover separation).
[11.2.2.2 Reliability of serviceability limit states
The serviceability limit state considered in thegant study is given in terms of deflection
limit for the interior beam of bridge deck undeaudk load (see Figure Ill.1.1). The objective
of this limit is to prevent, albeit indirectly, exgsive vibrations of the bridge. According to
AASHTO specifications, the deflectiafy, of the bridge under truck load should not exceed a
limiting value 4, ;im equals to 1/800 of its span. Serviceability listiate can be defined in

term of the limit state function containing the iiimg deflection4,y jim as:

9(X) = AFEMAw ~ Dy, lim (11.2.6)
where Arem is the structural model error in the responsesinbt using FEM (see Table
[11.1.4). For the beam under consideration, witlarspf 10.8 m 4y in=13.5 mm. In the
following, we will perform the reliability of sergeability limit state expressed by Equation
[11.2.6 using MC-NN-FEM.

Val et al (1998) perform a reliability analysis of serviceidyp limit state (deflection) of
RC bridge under corrosion. Many variables were agslin the study such as geometrical
dimensions, material properties and loading rand@mables. Results of the study have
shown that concrete compressive strerfgthsteel areads, dead load_L and extreme truck
weightw are the most important variables that signifioaatfect the reliability results. Based
on these conclusions, we consider the same vasiabladdition to the structural model error
Arem @nd the position of the truck in the first laohge: (see Figure 111.1.1). While the position
of the truck in the second lamRe, is assumed as deterministic value (=900mm), asst
been proven - § 11.1.2.3.1 - that this variables iasignificant effect on the beam bending
moment and consequently the beam deflection.

Neural network is adapted to be function of fiveiaiales onlyf'¢, As, DL, w anddjane1 @s
shown in Figure 111.2.25. Whilérgy is @ multiplicative variable to the responses iiata

using NN. A dataset of the NN variables were pregaaccording to the design of
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[11.2: Results of reliability analysis.

experiments concept discussed in § 11.2.5.3. Daegotumber of NN variables as dataset
required to train, validate and test were obtaipasked on two design of experiment concept:
(2n+1 axial point design) and {2actorial design). Four values of the paramébtét, 2, 3 and
4)in Equation 11.2.4. Thus, of 169 design points i@guired. In this case, th@vector will be
equal to the co-ordinates of origin point spacede$ign variables (see Figure 1.2.10 &
Equation 11.2.4).

( f. Concrett strengtt |:>
Oianes for the first lane |:>
< Extreme truckw |:>

A, Steel are |:>
DL Deadloac |:>
N

Figure 111.2.25: Inputs and outputs of neural network used to pteslitreme actions in the
interior girder of the bridge deck.

Inputs

:> Output: Beam mid
span deflection

Concrete slab and beams were simulated using eleetlent S4. Embedded steel option is
used to simulate slab reinforcement. While all otseeel part were simulated using link
element T3D2. A sample of Abaqus input file of tetaset is reported in Appendix D.2.

Figure 11.2.26 gives visualized results of thedigie deflection of this case.

u, u2
+2.638e+00

case=108
ODB: Point_108.0db Abagus/Explicit 6.9-1 Fri Jun 08 D0:58:30 GMT+0:

Figure 111.2.26: Example of deflection results of FEM simulatiorésAbaqus input file
given in D.2)

Due to the difficulty of using the proposed religbimethod (MC-NN-FEM) at various
time increment across the full age considered {4r), MC-NN-FEM was considered for
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[11.2: Results of reliability analysis.

the following six datasets: (1) for RC beam at tim@ year, (2) for RC beam &t50 years (3)
for RC beam at=100 years, (4) for FRP strengthened RC beats4i years, (5) for FRP
strengthened RC beam &t70 years, (6) for FRP strengthened RC beart=HD0 years.
Figure 111.2.27 presents example of the NN traininglidating, testing results of a dataset
used (FRP strengthened RC beam at 40 years). lbeamted that the neural network is
capable to give a robust predictions of the beaftecteon based on the trained dataset
(correlation factor is close to 1).

Training: R=0.99982 Validation: R=0.99786
1 ; ; '
o o Data o 05 o Data
S Fit 2 Fit 4
@ 05p]--emmem Y=T s || Y=T
? z P
- S g
£ 0 c 0 #
= i y
! L y
3 05} F 2
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o o o
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Figure 111.2.27: Scatter distribution of target and predicted dwitens (169 cases) of NN
trained, validated and testing dataset.

Once the neural network is trained, validated assietl, MC-NN-FEM is performed to
evaluate the probability of failufé; and accordingly the reliability index is calculated as:
p=-0(Py), whered™ is the cumulative density function of the standaedmal distribution.
All the studies cases were performed assumingcti® mm. Number of simulatiords is an
important aspect of MC simulation which must be wndbefore performing the reliability

analysis. In the present limit state we assume Nbaquals to 5x10 Equation 11.3.43 was
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[11.2: Results of reliability analysis.

used to calculate the coefficient of variationlod stimated probability of failure.

Figure 111.2.28 presents the reliability index asdtion of the number of sampling. It can
be noted that the assumed number of sampling fiisat to predict accurately the reliability
index, as the coefficient of variation of the estted probability of failure was calculated and
found to be equal to 0.0601.

In order to show the effect of tDTT on the reliability index, reliability analysis was
performed - at time equals to zero - consideringpua values oADTT. Results were plotted
in Figure 111.2.29. According to the results it che observed that thEeDTT