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Abstract

In 2019, thelastCanadi an infrastructure report card rated

risk. One such structumasthe Champlain bridge in Montreal, which exhibited signs of significant damage
to structural components including the girders, deck, diaphragms, and foundation elBefentsit was
closed in 2019, thel@mplainBridgewas one of Canada's busiest bridges. Following a series of extensive
but ultimately unsuccessful rehabilitative measures, the histbam@lainBridgewas eventually repced

at a cost to taxpayers of over $4 billi@arbon fibrereinforced polymer CFRP materials were
extensively used to strengthen deteriorated components ohtmaainBridge Even though CFRP are
commonly used to strengthen bridges globaynprehensivetudies on thelong-termbond performance

at serviceconditionsarelacking from the literatureRealistic testing techniques and correlating laboratory
and field data remains a significant challenge. In this reseaodmprehensivetudyhas beemonducted

to evaluate three CFR$rengthened bridge diaphragms extracted from the recently deconstructed
ChamplainBridgein Montrealthat have been exposed to aggressive enmental conditions for several
years.The main objectives are: 1p develop a comprehensive procedure to assesdotitgterm
performance of CFR#oncrete interfacesf field structuresising nondestructive and destructive testing
technigues, and establish a large database to corr@atdestructive testNDT) findings with bond
strength data2) to assess the integrity dfie CFRRconcrete interface using advanced sensing and
destructive testing techniqyeéscludingthe development afew test configuration® evaluaethe CFRP
concrete interface undedistinct loading directions 3) to predict the bond behaviour and failure
mechanisms through finite element numerical modelling a@érimediate crackinduced debonding
behaviour under various loading conditioarf4) develop recommendations to ensure bridge safety and

improve future maintenance and repair protocols.

The first phase of work included a detailed visual inspection combined with a series of adi#»ted
methods. Several issues were identified including material incompatibility, discolouration due to corrosion,

and interfibre cracks as well as fundamental problems arising from construction of the bridge diaphragms



and installation of the CFRFhe results of the NDT field testing techniqgeserally point to strong bond
between the CFRP and concrete substrate with defeitdy concentrated around the anchorage strips,

where four layers of CFRP strips were used in the manual wefplaystallation.

In phase twofive different destructivisemidestructivetest methods ere performed to investigate the
effects of load orientatiomnd test setup on bond behavi@and the degree to whichond may be
compromised byield defects Single mode loadingrotocolscomprised othe directtension puloff test
on 490 sampleswo single sheafap testsetups (newly designed and conventionafid a double shear
lap configurationMixed moddoadingwas achieved using flexurbkam tests. The direct tension poff
confirmed NDT results, showing that approximately 96% of the tested CFRBfpadimples exhibited
failure in the concrete substrate, indicating good bond durability.d€bending strains from the single

mode and mixed mode tests were significantly lower than code predictions

The efficiency of the novel designed test setups proposed and utilized in this thesis were calibrated through
separate pilot test& newly designed angilot tried variable angle peel test included in the appendix of

this document is proposed to investigate the interfacial peel strength of thedoR&Bte interfacat 15

to 60 degrees peel anglgowai et al., 2022During the various experimental stages, damage progression
wasmonitored andharacterizedby incorporating advanced optical techniqueshsas 2dimensional and
3-dimentionaldigital image correlation (DICAnddistributedfibre-optic sensoréDFOS) as well astrain

gauges Finally, experimental data obtainederg used as input parameters for the developnaemt
calibrationof a detailedfinite element (FE) modelThe FEM modding approach was validated against
existing literature anavas used to verify the experimental resiiitsn phase twand analyze how key

parameters affect the performance and integrity of the GiRErete bonaf the structural elements
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Chapter 1 - Introduction
1.1 General

The ageing of bridge infrastructure is one of the critical challenges faced by the engineering sector in
Canada. Damage resulting from structural deterioration, changes in load requirements, deficiencies in
construction, vehicle collisions, and corrosidmainforcement due to excessive use ofalieg salts in

the winter seasons have contributed to a reduction in the service life of major Canadian bridge networks.
The Champlain Bridge (CB) in Montreal epitomizes this trend, showing signs of extenser deoe

over its service life and undergoing multiple stages of rehabilitation and strengthiénégears prior

to the CB replacementnultiple layers of CFRP strips were externally bonded to the concrete

diaphragms to provide the mudeeded shear reinforcement following corrosiaduced cracking.

In these bondtritical applications, the efficiency of the rehabilitaiomhich depends on the proper
transfer ofpredominately sheatresses betweendividual layers othe CFRP composite materia
between the CFRP composite material #relconcrete substrétds governed by the behavioand
performanceof the adhesiveinterface(or bondline). However, our knowledge about the letggm
performance of CFRP retrofits mainly comes from laboratory tests on-scadédl samples under
controlled conditionsln the field, externally bonded CFRP materials are exposed to fluctuating
moisture levels and harsh temperature cycles, which can reduce their durability and degrade the CFRP
concrete bond. Furthermore, the ongoing deterioration of the underlying caadretden behind the

CFRP layer, effectively masking any visual warning signs of potential structural failure.

A comprehensive assessment of this critical bond interface requires a combinationirdfusive,

optical, multi-directionaldestructive structural testindetailednumerical modelling, and microscopic
analysis to accurately characterize and predicptr®rmance and integrity of the boehide. These
innovative and practical approaches will not only provide qualitative and quantitative information about
the condition of the strengthened components from a real field structure but will help better understand
design requirements, refine code desiggproaches, and assess the {wmrgn potential of CFRP as a

means of retrofitting deteriorating bridges in Canada and loeyon
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To the authorés knowl edge, no single study prior

such a comprehensive and holistic approach to correlate material behaviour and deterioration, visual
inspection, NDT, and a wide range of traditional andeh test methods for a detailed understanding of
CFRRconcrete bond behaviour, nor has any condition assessment ofsifeRgthened bridges in the

field included such a rigorous combination of test methods. Central to this research program is the
development of a deeper understanding of the damage progression irctiical applications under
different stress states to improve the design and service life of GE&Rjthened concrete structures.

The primary objective of this thesi®d all companion publicatiomsnot to expect bridge engineers or
inspection practitioners to adopt the holistic approach proposed in this research, but rather to use it as a

tool to provide specific management recommendation for similar crumbling infrastructures.

1.2 Overview of Champlain Bridge Researchat the University of Ottawa

This thesis isbased on research within a larger interdisciplinary project focused on a recently
deconstructed bridge in central Canada. The goal is to develop a framework for diagnosing and
predicting problems in a prominent Canadian bridge that has experienced peettedévioration. The
findings of this research will contribute to the development of a comprehensive deceking

strategy for addressing other deteriorating infrastruciithre.research team at tbaiversity of Ottawa

was provided with twentgight ful-scale bridge components, as indicatedablel.1. These original

bridge elements were distributed amdagr PhD students, each focusing on specific aspects such as
material damage assessment, structural assessment, and predictive numerical modelling. The following

paragraph provide a general overview afhe various streams of work undertakienthis research

program
Table 1.1-Full-scale bridge elements contributed from bridge owner
Element Number of samples Dimensions of samples
Edge & Intermediate girders 6 5 m segments
Piers 6 1 m segments
Cap beams 5 1 m segments
Infill slabs 8 2 mx 3 m slabs
FRP-strengthened diaphragm 3 1.95 m segments




Stream A: Material Damage assessment

This section of the project foceson a detaileddiagnosisof the physicochemical, mechanical, and
microscopic damage in the different concrdmentshown inTablel.1. Specific taskinclude crack
indexing,chemical analysis, stiffness damage test, damage rating index, image analysis and scanning
electron microscopy (SEMRAnalytical models to study the prognosis of the detected mechanism from
the diagnosis wilalsobe developed.

Stream B: Structural assessmenof girders

In this part of the project, the focus will be on investigating how the deterioration mechanés®ist
in the bridge girderbaveaffected the shear behavio and overall performanc&ix posttensioned
girder segmerg will be tested to failure andonlinear finite elements modalill be developed with
calibrated ass material properties from experimental testing.

Stream C: Structural assessmendf infill slabs

This stream investigatabe performance of corroded infill slabs from the bridge. The experimental
work consistsof flexural testingof sixteenslab panelainder a thre@oint bending setup. Data from
material testing in stream A will be used to calibrate and develop nonlinear finite element model that
will focus on validating the experimental work and used for parametric studies to simulate the
performance bthe slabs under different levels of damage.

Stream D: Structural assessment of diaphragms

The currentthesis is centered on the research from this stream of the projetting three CFRP
shearstrengthened diaphragmspecifically, thiswork will focus on evaluating th€EFRP-concrete

bond interface which is itical to ensuring structural integrity, durability, and performance of the
strengthened membei®hestudy will investigate key fundamental parameters such as the bond strength
after prolongdexposure to several environmental conditions in the,faddormation characteristics,
failure modesand interface debonding mechanisnto measure the load transfand damage
progressiorbetween the CFRP and concrefbe threediaphragms underwent visual inspection and
various nondestructive testing to detect debonding signs. Additiontaly different destructive testing

method were employed to holisticallguantify the performance and integrity of the CFB&hcrete



interface. To validate the experimental work and analyse key factors impacting the short ardiong
performance of externally bonded CFRP, a detailed FE model was devi&peginto account the
material deterioration

Stream E: Predictive numerical modelling

Stream E of the project will develop a global finite element model for the-spati superstructure
system, exploring loadharing characteristics and the bridge behavimmder various loading and
deterioration scenarios. The model will also consider the different stages of rehabilitative work on the
bridge componentsSpecifically, this global model will account for changes in member stiffness
affecting load distribution. The model will aim to provide knowledge on the residual capacity of similar
bridgesleading toimproved management frameworks fesilient bridges that can withstand similar

harsh environmental conditions.

1.3 Overview of the Champlain Bridge and CFRP-strengtheningscheme

The Original ChamplainBridge was opened to traffic in 1962 and closed in 2019, lasting for a much
shorter life span than required by current standdnds.structure was exposed to harsh environmental

conditions that proved detrimental to the shamd longterm durability of the original structure,

potentially compromising the integrity of the FRP strengthening systems undertaken in the final decades

oft he bridgeébés service |ife. The annual climat e

freezing winter. In Montreal, thtemperature can fluctuate frei7 degrees Celsius in January to 36
degrees Celsius in July, with an annual average temperature of 7 degrees Celsius. Multipledweeze
cycles and excessive use ofidimg salt in the winter months are common for dinoes in this region

of Canada. The bridgeébés | ocation over the St.
the structureThis 3.44 km long bridge was located over the St. Lawrence River in Montreal. The bridge
comprises three main sect® two concrete sections on either approach end (accounting for a total of
50 spans) and a sevepan cantilevered steel truss in the middle, referred to as Se€liaglér, 2013)

An overview of the bridge sections is showrFigurel.1. A typical approach span of the Champlain
Bridge showing all six lanes of traffic can be seekigurel.2. The approach spans in Sections 5 and

7 are simply supported reinforced concrete systems with seven 3.07 m deep predastsjpostd
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girders spaced at 3.72 nA highly integrated structural system was obtained by-mosioning the

infill slabs (in the transverse direction), with the diaphragm at the level of the girder {[Bager,

2013) Four postensioned trapezoidal diaphragms (two placed at the pier locations and two
intermediate diaphragms) were distributed along each of the concrete spans to increase the stiffness of
the girdersThe thickness of the concrete diaphragms varied from 210 mm to 22@ ypical post
tensioned diaphragm was reinforced with five internalpeassioning tendons, each comprised of 12
strands having a diameter of 7 mm. These tendons were horizontally placed; hence, their contribution

to shear capacity washieved indirectly through axial compression in the concrete.

Montreal

Intermediate “" =
Diaphrang( B T
.- _I | m

—I—

Figure 1.2 - A typical approach span (sections 5 p(Taylor, 2013)

The majority of the FRP repair works on théaplainBridge were undertaken to improve shear
capacity of girders and diaphragnisgure1.3) (Stantec, 2018)rhe purpose of the bridge diaphragm
is primarily to transfer iplane sheaforces and vertical loads from traffic the girdergFigure1.3).

The shear strengthening configuration dm@plainBridge components mostly employed a practical
U-wrap scheme (the sheets are continuous around the member's) battditine sheets were oriented
perpendicular to the axis of the beams. As sedfigare 1.3, two horizontal strips were provided as
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anchorage strips with the sole purpose of preventing/delaying premature debonding of the vertical
sheetsNo mechanical anchors were observed on the bridge diaphragms. Although mechanical anchors
can enhance the bond between the CFRP and concrete, and prevent debonding, their installation would
haverequire drilling intathedeteriorated concretevhich poses a heightened rigkinducingadditional

cracking in the aged concrete

Major structural repairs to address significant integrity issues of the original Champlain Bridge started
24 years after its initial construction, with the scope and number of repairs increasirignevdrhe
observed problems were atypical for a bridge of that agkesealating maintenance costs reflected
severe deterioration and heightened public safety concern. In 2011, the Government of Canada
announced plans toonstructa new bridge to replace the aging origin@hamplainBridge. The
Champlain bride was 49 years old by thand had experienced significant deterioration, necessitating
substantial investment to repair and replédemingue & Le Goff, 2017)The diaphragms under
consideration were strengthened in the winter of 2014 (5 years before the decommissioning of the
bridge). Considering the timelinef the CFRP retrofit, the subsequent dismantling of the original
Champlain bridge, and tlwnstruction of the new Samu ChamplainBridge, whichstarted in June

of 2015, it is reasonable ta@educethat the extensive CFRRetrofitting applied to the secondary
structural members, such as the diaphragms, in 2014 was primggitgled to maintain the structural
integrity, improve public safetyoncernsand to keep the existing bridge accessible to traffic during the
construction of the adjacent caldtyed replacemenit remains uncertain whether tHsond
degradation issueassociated witlthe CFRP retrofit on the bridgeomponents, agentified and
reportedin this researh, contributed tahe decision to close the original bridge four days after the
opening of thenew bridge (Samuel de Champlain bridgewever, the experimentally observed strain

level for a high strength concrete strengthened with CFRP under various directional loads indicate
substantial deterioration of the concrete elemérttg. three concrete diaphragms extracted from the
decommissioned bridge to assess the bond performance of theep&iR after five years of field

exposure are shown iRigurel.4.
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Figure 1.3 Typical CFRP strengthening schemes&sagersb) Diaphragmwith load transfer path
shown in red arrow§Stantec, 2018)
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Figure 1.4-Extracted bridge diaphragiimensions antbcation (D4, D5, D6) in the bridge
structure shown in dotted red rectangle

1.4 Evaluation of FRP-concrete bond

Common applications for externally bonded composites on bridge structures include flexural
strengthening, shear strengthening, and column confinement as sheigurgil.5. The FRP is applied
to the tension zone with fibres oriented in the longitudinal direction for flexural strength&iguge(

1.5). In contrast, for shear strengthening, the FRP strips are used in such a way that the fibres are
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oriented transverse to the longitudinal afBsiggio et al., 2014)These FRP sheets can be applied on

the concrete substrate as a single or rlajter composite. Many of these externally bonded composite
repairs on bridge structures are considered bond critical. In this scenario, the integrity of the bond
(adhesion) bveen the composite and the concrete substrate is critical for proper stress transfer, since
there are no redundant load paths for the stress to follow should the bond become compromised. Thus,
knowledge on the lorterm performance, bond behaviour, anitlifa mechanisms of the interface is
crucial to understanding the behaviour of not only the strengthened component but to the overall

structural response of the bridge.

Reinforcement

Concrete

dhesive

Flexural strengthening of a double tee-beam

U-wrapped shear strengthening scheme

Column Confinement

Figure 1.5 - Various strengthening schemes for externally bonded CFRP

The investigation of CFRBoncrete bond through conventional laboratory methods such as shear lap,
direct tension puibff test, and classical bending tests have been studied in @dtail & Atadero,

2012; Au & Blyukozturk, 2006; Dai et al., 2004a; Halabe et al., 2020; Mata & Atadero, 2014; Smith

& Teng, 2002) However, a comprehensive comparison of these various test methods and their ability
to simulate stress conditions in real structural elements is noticeably absent from the li\afladueas

standard field tests do not accurately represent the stress states that develop under realistic loading
conditions, existing laboratory methods are not practical for condition assessment of existing structures,
and the results of one test type canbe easily or directly correlated to the results from another test
setup.Furthermore, the assessment of various NDT technologies for defect identificataariorated

concrete members with externally bonded strengthening systems is limited in the literature. Thus, a



need exists for the developmentpoéhctical knowledge on the limitation of current NDT techniques in

defectidentification and characterizatiai deteriorated concrete memhbers

In an effort to collect data on the bond that develops at the @BRétete interface, previous
researchers have focused on evaluating the failure mechanism and bond strength under either mode |
(tensile) or mode Il (shear) loadin@Banthia et al., 2009; Eveslage et al., 2010; Mazzotti et al., 2008;
Pallempati et al., 2016)lespite the fact that bond failures in real structural members are more likely to
result from combined loading. The complexity, time, and cost of custom designing a novel test setup
with capability to account for both modes of loading have precludeted¢xaminations of the effects

of load orientation and test setup on bond behaviour. Furthermore, almost all existiedsfor
predicting tle behavior of the FRPconcrete bondavebeen developed assuming the absence of
defect/deterioratiomat the bond line where a uniform stress transfer may be idealizedmplications

of field defecs on bond stresslip responsés noticeablymissing from the literature.

1.5Research Objectives

The use of CFRP as a bonded repair material for ageing and deteriorated bridge infrastructure has
progressively increased over the past few decades. Many of these critical bridge structures in Canada
are found in areas either susceptible to frabav cyding or other extreme environmental exposure
conditions (snow and rain, frequent temperature fluctuations, and excessive uggraf dalt). These

natural and manmade conditions can result in changes in behaviour over time which should be
monitored to garantee the integrity of the structuiféhe longterm performance of external FRP
strengthening systems is sensitive to the process by which the material was stored, handled, mixed,
installed, and cure@Mirmiran, 2004) However, documentation on the letegm performance of
externally bonded CFRP composites on actualeirvice structures is rare in the literaturaerefore,
knowledge about CFRP materials' letirge behaviour (durability) and the bond between the composite
and the concrete substrate is of vital importance. Development of an innovativerallipproach to

evaluate and predict the lotgrm bond prformance of deteriorating critical bridges retrofitted with



CFRP is crucial to extending the integrity and the service life of other crumbling bridge networks in
similar environments. Through a comprehensive assessment didngp&inBridge diaphragms, this
research aims to establishholistic andnvaluable field data on the loftgrm bond performance of
externally bonded CFRP composite materials on bridge strucflinesstudy aims to address the

following questions:

1 How do externally bonded CFRP systems perform in actual field conditions in Canada and to
what extent does underlying damage contributereduction in structural capacity?

1 How can we assess the condition of CFRP strengthening systems and the underlying concrete
without damaging the structure?

1 How can we predict future performance and improve rehabilitation strategies to extend the

service lives of ageing structures in aggressive environments?

To answer the above questions, the following specific objectives will be targeted:

01) Develop a comprehensive procedure tiedmine the state of deterioration at the CFRP
concrete interface

02) Identfy andquantify defects, including theilocation and distributionat the CFRRconcrete
interfaceacrosghe threadiaphragms.

03) Evaluate the effectiveness of various raestructive testingNDT) methodssuch as digital
tapping, hammer tapping, and infrared thermographthéncondition assessment of CFRP
strengthened concrete membddsscuss thdimitations of these NDT techniques and provide
recommendations where feasible.

04) Create an extensive database correlating NDT restiitbond strength resulbtainedfrom
semidestructive field testsn the CFRRconcrete interface

05) Implement advanced sensing technigsash as distributed fibre optic sensors and digital
image correlation® studythedistributionof strainsunder loading as an indicatiofithelong-

term performance dhe CFRRconcrete bond interface
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06) Investigate the integrity of the bonded interface between the CFRP and the concrete through a
wide range of destructive tastethodsincluding development afewtestng configurationgo
evaluate the CFREBoncrete interface under moter mixed mode loadingonditions.

07) Establishcohesive material lasvand use analytical models to predict thehearstressslip
relation of the deterioratédFRRconcrete interface undeariousdirectional loading

08) Developand validée robust3D FEM modelsto investigatedelamination at the CFR&ncrete
interfacecausedby intermediate crackhduced debondinginder mode Il and mixed mode
conditionsusing cohesive zone material laws

09) Evaluate the effect of various parametetsch agoncrete properties and geometrifzadtors,
on bond behaviour.

10) Develop guidelines for improved rehabilitation measures for critical concrete infrastructure in

Canada.

1.6 Research Methodology

A methodological approach has been developed following a detailed literature study assessing the state
of-the-art pertaining to bridges strengthened with CFRP materials and identification of important
research gaps. The research proposed herein aimspbaatiolistic approach of evaluating toag-

term bond performance of externally bonded CFRP on a concrete bridge. The research approach
includesthree phasesThe principal steps that will be undertaken to achieve the alevtioned

objectives are summarized below:

Task 01:In phase one, a detailed visual inspection in combination with advanced NDT methods were
conducted on all CFRBtrengthened diaphragms. The visual inspection helped to qualitatively identify
areas of surface defects. Thereafter, NDT techniques includirageid thermography (IRT), coin
tapping, and digital tap testing (DTT) were used to investigate the subsurface defects. During the
tapping and infrared scanning process, debdnégiois were marked and the location and estimation

of the area of dlamination on the CFRP strips for a given surface was recorded and sketched. Besides

the abovementioned NDTs that were dedicated to evaluating the condition of the bond between the
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CFRP strips and the underlying concrete, the rebound hammer, ultrasonic pulse velocity, and resonant
frequency test were also conducted to assess the uniformity and hardness of the underlying concrete.

This task aims to address objectd, 02 and 03.

Task 02:In phase two of the research, tieeefull-size diaphragms extracted from the Champlain
Bridge weredistributed amondjve different destructive tests. This stage of the laboratory investigation
focusedon assessing the effect of both loading directions and test setup on bond performance of the
diaphragmst the presence of field defecthese different destructive test methodseemployed to

develop new correlations covering a wide range of realistic stress cases. These include the classic field
test (direct tension pubff test), bending test (interfacial shear and tensicugtomizedshear lap test

(for new single andouble shealap test} and conventional shedap testsA variable angle peel test

setup included in the appendix was designed and proposed for evaluating the peel resistance of the
CFRRconcrete interface under mixaaode loadingObjectives 04 to 07 will be accomplished through

Task 02.

Task 03:In phasethreeof the work, the data obtained from the destructive tasts material testing

such as the concrete compressive and tensile streagthgll adbond stresslip values areused as

input parameters for a detailed finite element (FE) model that can be used to analyze bond behaviour
(strength and deformation performance) of CFRRiengthened components. The experimental bond
stressslip valuesenablethe evaluation of interfacial response of the CHiRRcrete interface by
allowing the modeling of the bond interface between the CFRP and the concrete substratentesong
elements iNANSYS APDL software. The validity of the FE models built in this reseavelne then
compared against data from thiterature and thexperimental testtheamtest sampleand sheatap

testg in this study The established modelgereusedto simulate the bond interface and the damage
process at the CFRébncrete interface as a function of key parameters such as concrete strength,
effective length, and bond widtfiask 03 focuses on achieving objectives 08 and 09.

This integrated methodological approamtveringTasks 01 to 03 will collectively address objective

10.
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1.7 Thesis Organization

This thesigs structured inteightchapters:

Chapter twmffersa comprehensive literature review aariousnondestructive techniquespplicable
to the condition assessment ofditu concrete structures externally retrofitted with CFRRalso
investigateslifferent structural tests developed by researchers for chazaugdrondperformancend
analytical models predicty CFRRconcrete interfacial bond behauio Chapter three focuses on
characteriing the asis mechanicalproperties ofthe concreteand CFRP compositegssentiafor

modelng the CFRPconcretedebonding failurat the interface

Chapter four presents the procedure and restit€omprehensive condition assessment threisytal
inspection,non-destructive and direct tension polif tess. This chapter and the subsequémnee
chapters are structurex$ standalone publicatios which haveeitherbeenpublished or submitted to
reputable journalChapteffive preserns theexperimentaprocedure and results from timvestigation

of the CFRPbond behavior usingthe noveldesignedsingle sheatap testsetup conventionakingle
shearlap setupand double shedap setup The chaptediscusseshe proposed bonslip relationship
derivedfrom the experimental wornd highlighs the stress and strain behauroof the deteriorated
CFRRconcrete interfacén a typical mode |l loading condition. The chapter further discussed the

deficiencies in current modelsing experimental data

In Chapter six, the strain distribution and debonding behaviour under mixed mode loading conditions
is presentethased on the results of flexural beam téStapter evenpresents thprocedure andesults

of the numerical analysis and validates them against the experimentfiodatide literature and the
current studyConcrete, prestressing steel, and FRP composite are calibrated against the corresponding
experimentaimaterials propertiedn addition,a parametric study using the propodimite element

model is conducted toinvestigate the impact of various parameten CFRPconcrete bond
performanceChaptereightsummarizes the conclusions and recommendsticawn from this research.

It also highlightduture research opportunities that dartherbuild upon the findings of this study.
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Chapter 2 - Literature review
2.1Introduction

The application of bonded composite materadfers significant benefits for bridge rehabilitation due

to their corrosionresistant nature, ease of installation, minimal maintenegmearementsand high
strengthto-weight ratio. Neverthelesijs important to recognize that all engineering materials degrade
over time when exposed to harsh environmental conditions. The establishment of an interface between
the concrete and the bonded CFRP during the installation of composite materialsgoleryal @ole in
governing the shottierm and longerm structural performance of the repaired compon@urnado,

2006) Given the widespread use of CFRP materials to strengthen concrete bridges in Canada, gaining
a comprehensive understanding of their loaign performance under real field conditions is
imperative Visual inspection serves as an economical initial step in condition assessment and structural
evaluation. However, it is essential to prioritize methods that can minimize or mitigate the subjective
nature of visual inspectiomhe Canadian Highwagridge Design Cod€CSA-Group, 2019)National
Cooperative Highway Research (NCHRP) Report f¥rmiran, 2004) and American Concrete
Institute (ACI) Committee 44QACI, 2023b)have all identified acoustic sounding (hammer and coin

tap test) and infrared thermography (IRT) as potential NDT techniques for bonded FRP composites.
Researcherbave also explored destructive bond tests to establish data on the bond behaviour and the
mechanisms of load transfer of the conc@ERP interface. These tests include shear lap test, beam
bending test, peaff test, punching peel test, and the standad direct tension pubff test. This
research review summarizeariousintrusive and nofintrusive methodsappliedto assesshe bond
mechanism of CFREoncreteinterface anchighlights the key areas to which the current detailed

research will contribie.

2.2 Structural members strengthened withFRP

Over the past four decades, the practice of strengtheningofetvand damaged concrete structures
using externally bonded CFRP has become increasingly prevalent. This approach followed the prior
practice of bonding steel plates to concrete surfaces to improve the flexural and shear capacities.
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Nevertheless, concern including corrosion risk, limitations on delivery length and conformity to
concrete geometry, and the substantial weight of steel plates gave rise to the use of externally bonded
CFRPfor concreteaetrofitting. The strengthening of concrete members using externally bonded CFRP
can be classified as either bond critical applications or contact critical applications. In bond critical
applications, the transfer of stres$esn the concrete to the externally bonded CFRP occurs via the
bondline interface, the effectiveness of the repair depends primarily on the integrity and performance
of the bond between the CFRP and concrete. Conversely, in contact critical applications, effective repair
hinges on intimate confining contact (bearing pues) between the CFRP and concrete. CFRP concrete
strengthening have been extensively conducted on various structural elements in both laboratory and
in-situ settings. Retrofitted structural members have included reinforced concretéAsi&usisan et

al., 2012; Enochsson et al., 2007; Mosallam & Mosalam, 2003; Soudki et al., 29idfrced concrete
beamgyirders (Bukhari et al., 2010; Miller et al., 2001; Téaljsten, 2003; Tavakkolizadeh &
Saadatmanesh, 2003poncrete columné-itzwilliam & Bisby, 2010; Moshiri et al., 2015; Parvin &

Brighton, 2014) shear wallgAltin et al., 2013; Lombard et al., 2000; Woods et al., 2@17)

One of therarliest examples @FRPfield retrofitting occurredn Switzerland, wheréhe Ibach bridge

was strengthened withree 150 mnwide x 5000 mmlong CFRPlaminates (Meier, 1995) As pointed

out by Meier(Meier, 1995) this 1969 bridge experienced a 39 m damaged span mainly due to
inappropriate core boring work on the bridge, which led to severe damage to the prestressing tendons.
Vehicle load testingalidatedthe effectiveness of this early repair woilk Japanthe application of

CFRP for seismic retrofitting gained prominence followsagthquake disast@Fukuyama & Sugano,

2000; Wu et al., 2007)n Canada, the establishment of the Intelligent Sensing for Innovative Structures
(ISIS Canada) in 199&mplifiedt he nat i on & s icapabditegnghe field ofdRA, &d ear c h
its recognition as a leader in this field is undeniable. Important lessons have been learned about the
application of FRP in bridge design and strengthening since the publication of their first manual
obtainablefrom the Structural Innovation and Monitoring Technologies Resource Centre website
(SIMTrec, 2008).Noteworthy pioneering projecténvolving externally bonded FRP composites on

Canadian bridgesre outlinedn Table2.1. The application of FRP strengtheningremforced concrete
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bridges has significantly increastallowing these early field applicationattributableto research and

developments in Canada and internationally.

Table 2.1-Pioneering projects of Externally Bonded FRP in RC Bridges in Canada

Bridge Strengthening Method(s) Built Retrofitted Reference
Champlain FRP composites were used to incree 1962 1996 (Rizkalla &
Bridge confinement of a 4neterlong pier Labossiere,
(Montreal) with a diameter of 1.37 m. Nine layel 1999)
of glass FRP were used.
Country Hills  Bridge deck strengthened for negatin 1975 1997 (Hutchinson et
Boulevard bending with CFRP strips. Thin bridg al., 2003)
Bridge deck was strengthened to carry desi
(Calgary) live loading at the time of
rehabilitation.
Maryland Shear strengthening. | shaped 1969 1999 (Rizkalla &
Bridge AASHTO precast prestressed girdel Labossiere,
(Manitoba); were strengthened with CFRP shee 1999)
John Hart Shear strengthening of 84 girder enc  Early 1999 (Hutchinson et
Bridge (B.C)  Shear capacity was increased by 15 1 96 0 al., 2003)
20% using CFRP.
Leslie Street Column deteriorated due to corrosio 1960s 1996 (Banthia et al.,
bridge on from deicing salt. Three columns wet 2010; Sheikh
Highway 401 rehabilitated using a combination of & Homam,
(Toronto); concrete grout, polyethylene and 2004)
GFRP wraps.
St. Etienne de 9 out of 12 deteriorated columns wel 1962 1997 (Banthia et al.,
Bolton confined with GFRP and CFRP. 2010)
(Sherbrooke);

Many research studies have bemmnductedto assesshow FRP canenhancethe service life of
reinforced concrete structuréBeydokhti & Shariatmadar, 2018)hile a significant portion of tése
research studies focused on srsathle tests, eonsiderabl@umber alsdhavebeen conducted on large
scaleconcretemembergAfefy et al., 2013; Baggio et al., 2014; Bakht & Mulfti, 1998; Grace et al.,

2004; Loudon & Bell, 2010; Neale, 2000; Rizkalla & Labossiere, 1999)

In a 2010 laboratory work, Ludovico et #Di Ludovico et al., 2010)nvestigated five fullscale
prestressed concrete (P&Haped girders of dimensions 13 m x 1.05 m. Amongst the five specimens,
four were intentionally damaged to simulate a vehicle collision, and two of those damaged components
were further strengthenedth CFRP laminates. The research aimed to evaluate the damaged PC beams'
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flexural behaviour as a function of the number of strands damaged and then assess the FRP laminates'
efficiency as a retrofitting technique. A fepoint bending configuration was employed, and LVDTs

were then used to monitor the rotation and the strainsgl the testing. Based on their experimental

work, the authors made the following conclusions: 1) flexural capacity can decrease by 20 and 26%,
respectively, given a 17 and 33% loss of strands; 2) restoring the ultimate flexural capacity of the
undamage®C components using CFRP laminates requires prevention of fibre debonding; and 3) CFRP

laminates increase both the stiffness and flexural moment capacity of the damaged PC specimens.

In a similar endeavour by the structural laboratory of Queensland University in Australia, de Waal et
al., 2017(de Waal et al., 20173ssessed two FRP strengthening techniques on thrgea86ld
decommissioned PC bridge decks to determine their potential in improving the flexural capacity and
flexural stiffness. One of the three specimens was used as a reference specimen without FRP
strengthening, while the other two were each strengthened with four 8 m long CFRP pultruded plates
and three 8 m long adhesively bonded GFRiedms, respectively. Abaqus finite element modelling
tool was also used to approximate the peeling force ne@RRE® tbeam termination points. The test
specimens were tested undepaint bending with a spreader beam at the midspan. All three specimens
were in sound condition (uncracked) before testing. Visual cracks occurred at a load of 107 kN for the
reference smponent, which then ultimately failed due to the crushing of concrete at an ultimate load
of 200 kN. The CFRRtrengthened deck's flexural capacity was increased by 54%, while the deck with
GFRP tbeam had a 105% increase with reference to the contrchsgr It was therefore concluded

that both schemes significantly improved the nonlinear portion of the deflection curve. Also, the authors

pointed out the effectiveness of both techniques due to the lack of debonding.

2.3 Non-destructive condition assessment of FRRtrengthened bridges

As discussed in the previous chapter, when concrete members are strengthened with externally bonded
composite materials, the short and ldgagn performance of the strengthened substrate relies

significantly on the strength and stiffness of the bond aC#RRconcrete interface. Thus, evaluating
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and inspecting this interface without compromising the bond is critical. Contrary to the condition
assessment of ordinary reinforced concrete structures, for CFRP composites externally bonded to
concrete structures, only a limited number of NDT technigxést. IRT and acoustic sounding (coin
tapping, hammer tapping, and digital tap testing) are methods that have been used to supplement the
available destructive testing methodsliogeCFRRstrengthened structures. This summary highlights
several promising NDTmethods,and the specialized equipment required to conduct the condition

assessment of the bond interface of CFSREBngthened concrete structures

2.3.1Visual inspection and associated challenges
The focus of a visual inspection is to provide documentation on the type and extent of the problem and
investigate what causes the distress and how the structure can be I(d&ete®020) Visual
inspection provides a history of construction, loading, and exposure conditions. In addition, the
document usually includes information such as the description of the structure (hname, location, member
types, and photographs) and state of materials ugpddeoss sectional loss for both steel and concrete).
These baseline data are critical to monitoring the structure's performance over time. A visual inspection
helps detect distress and deterioration at an earlier stage which can facilitateHewaiver, a visual
inspection can only be conducted on accessible surfaces of the concrete structure, and this becomes a

problem for strengthened structures where the CFRP layer hides the concrete silpira2 1).

Various signs of distress at the bond line (interface between concrete and CFRP) such as cracks (width
and patterns), voids, stains, leaking, and chemical interventions cannot be seen until the CFRP is
removed/replaced or deterioration becomes visiblehenstirface of the compositeaterials.Visual
inspection and observation are usually the first steps in evaluating reinforced concrete structures. It is
the most recommended inspection method by various guidelines including AClI Committ@eC440
2023b)and the National Cooperative Highway Research Pro@kdinmiran, 2004) However, a gap

in knowledge exists with respect to how the visual inspection of composite structures should be
executed. Bridge inspectors usually rely on their knowledge and experience of inspecting conventional

concrete structures to inspect retrofitoncrete bridges with externally bonded FRP composites. It is
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worth mentioning that there is a comprehensive document on field inspectiosesfiice FRP bridge
decks(Telang, 2006)However, their behaviour and load transfer mechanisms are dissimilar to bonded

composite materials.

Regardless of the level of training, bridge inspectors of FRP repairs should fundamentally search for
visual signs of damage and defects such as scratches, cracks (in both fibre and concrete), discolouration
due to chemical reactions (from corrosion prddurcultraviolet radiation (UV) exposure), blistering

and voids, delamination (split between layers of fibres), and debonds (separation at tbenitbete
interface). The concrete surface accessibility issues regarding the visual inspection of CFRP

strengthened members were apparent in the decommiss@imaaiplainBridge (Figure2.1).

The extent of corrosion underneath the CFRP was challenging to assess. Corrosion from steel plates in
Section 5 of the bridge extended to the CFRP protective cover on a b&aunmm2.2. However, the
inspectors could not fully understand the extent of this deterioration to the bond interface and the
substrate without removing the protective coatiRigjure 2.3 shows delamination of the protection
covers on a beam in Section 5 (Span: 223W) with a delaminated area of more than 16000

(Stantec, 2018)Iin the absence of this protective layer, the CFRP interface is exposed to attacks from
UV, aggressive fluid (e.g., melted-@ieng salt); contamination of the epoxy by humidity, rain or dirt
which can also weaken the bond interface and exacerbates dassageted with progressive ageing

over time.

The 2018 inspection also revealed air bubbles in excess of 1600®n one of the worst affected
girder strips from span 23\®@4W of Section 5 of the bridg€igure2.4). These air bubbles trap leaking

fluid (Figure2.5) which during the freezthaw cycles leads to further delaminati@uring the visual
inspections of CFRRBtrengthened members, the length and area of the defects (delamination, voids, or
discolouration) were estimated. However, given that the depth of the damage is unknown, the marking
size on the defect areas does nataxpond to the actual size of the damage in the composite or the

strengthening layer.
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Delamination

Visible cracks

Stains and leaking

Delaminated CFRP wraps

Figure 2.1-Examples of various kinds of inspected defects on CEiRFngthened elements of the
Champlain BridgéStantec, 2018)

Figure 2.6 depicts schematic of air bubbles detected in the diaphragms. The size of these air pockets

ranges from 20 mm x 100 mm to 160 mm x 650 (Stantec, 2018)

A -h’}i\ ¢

Figure 2.2 - Corrosion leading to discolouring of CFRP protective layer-&W) (Stantec, 2018)
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These irregularities could be attributed to a deficiency in construction/installation préetgesack
of uniform pressure to remove entrapped air, installing and curing during unfavourable weather) or as
a result of much more extensive damage beyond the strengthened layer due to overloading or
environmental interventions. In addition to thelaiibbles, cracks due to corrosion of piestsioning

tendons visibly propagating behind the CFRP sheets are shown in Figure 2.7.

Figure 2.3 - Detachment of CFRP rotectlve cover (Sectlon 5; %M/) (Stantec, 2018)

R
20180621_JF_005!
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Figure 2.4 -Air bubbles observed on gird2rof Span 23\A24W of the CB(Stantec, 2018)
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Figure 2.5-Stained protective coat due to leakégtantec, 2018)
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Figure 2.6 - Air bubbles detected on interior diaphragms (Section 5; spar2@®X) (Stantec, 2018)
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Figure 2.7- Crack propagation in a diaphragm of sectigistantec, 2)
The above images emphasize the need for regular global and localized visual inspections. However,
although the visual inspection is generally economical (requinegpensiveequipment such as
flashlight, measuring tape, and magnifying glass), the main drawback is that inspection data is
subjective and prone to human misinterpretati®iad, 2017) Hence, other NDT techniques such as
those outlined below should complement the visual inspection. These advanced NDT techniques allow
the inspector and the bridge owners to track the propagation of these various forms of damage over

time.

2.3.2Infrared Thermography
In recent years, the use biffrared thermography(IRT) has gained considerable popularity in the
inspection of civil infrastructure due to its capability to accurately and efficiently characterize flaws
within the bonded CFRP compos(fBashan & AlMahaidi, 2012) In civil engineering applications,

IRT cameras are commonly used to diagnose problems before significant damage occurs or to inspect
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whether a repair material was installed propéMtenga et al.,, 2001Yhe process relies on the

variation of heat transfer within a given object with both sound and defective regions.

The process of heat transfer is achieved through conduction, convection, or ragiaiipn2006)

Radiation is heat transfer that is due to the emission of electromagnetic waves. By the first law of
thermodynamics, this heat energy will transfer from hotter areas to colder regions until a temperature
equilibrium is approacheds distinguished by their wavelength, infrared radiation (IR) is part of the
electromagnetic spectrum below visible light. Every object above absolute zero temperature emits
radiation (Hing, 2006) The radiated energy of the surface is captured as digital images which is
measured by an IR camera. Accordingto St&fam| t zmannds expression, the |
depends on the object's temperature and an inherent surface property kremiasasty (reflective

property of the materials when compared to a blackbody) givéigbgtion2.1:

o -Y Equation2.1

Where: E is the radiant energy emitted by the surface at all Waveleﬁgtpsx, Ris the emissivity of

the inspected material,is StefanBoltzmann constant{— and T is the temperature (in Kelvin).

Equatiol2ls hows t hat a slight elevation in the object
in the radiant energy. The emissivity is the rate at which the object emits radiation in comparison to a
perfect hypothetical blackbody that has an emissuatyie of 1. Concrete has a high emissivity value

while the emissivity value of CFRP composites have been found to range between 0.77 to 0.84 with an
average of 0.8Starnes et al., 2003 the analysis of thermographic images, it is important to specify

the reflective properties (emissivity) of the materials being viewed, because accorguatmn2.1

different materials may emit radiation at different rates even if their temperature is constant. For
instance, a thermal image of an externally bonded CFRP wrap on a concrete structure may show
different temperature values of the CFRP wrap and the ceneven though both materials may be
subjected to the same temperature due to the difference in their emissivity values. However, commercial
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IR cameras now have the capability to adjust/regulate the emissivity value during theogessing
phase of thermography using advanced softwarprinciple, if there is a void or delamination within
the concrete (between the CFRP strengthening layer and the substrate or within thin layers of CFRPS),

then a layer of air is present that alters the material's thermal condudtigitlyg2.8).

Heat Energy
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Figure 2.8 - bond line defect identificatioa) Typical heat transfer around subsurface defect b)
Detected defect observed via thermografMienga et al., 2001)

Therefore, these subsurface anomalies (voids, debonds, delamination, or water infiltration) will alter
heat flow within the concrete and, hence, lead to differences in surface temperature. Areas above the
voids (separated concrete) or cracks warm up fsaerthe defeefree areagStarnes et al., 2003By
measuring these variations in surface temperature, the position of the subsurface defects can be
determined. The measurement or data collection is conducted in one of two ways. Qualitative test results
are captured in the form of thermal images déggcpotential delaminated regions. The qualitative IR
inspection also focuses on temperature differences as opposed to specific temperature values within the
CFRP sheets. The qualitative inspection is a quick and easy approach to track the progrdssion of t
defect within the bonded CFRP material. Quantitative measurements, on the other hand, use precise
temperature values of a specific defect or potential defect to analyse the deteriorated regions and
estimate the total delaminated area. The apparatubifotest consists of an infrared camera, heat
source (including solar loading), and data analysis tool such as a computer equipped with the necessary

image processing software.

The advantage of the IRT as a viable NDT method for bonded repairs using CFRP composites can be

attributed to the ability for large areas of a structure to be scanned within a very short period of time
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compared to other available test methods. IRT can be used for kgith assessment and laboratory

work. IRT is a contactless NDT method that is easily repeatable and is labour efficient. Moreover, for
field assessments, this test can be completed witmsiructing the flow of traffic. IRT allows for the
estimation of the total delaminated area of the strengthened component and aids in keeping track of the
progression of these defect regions within the repaired structure. However, the efficacy of the IR
method is subjective to camera grade/specifications, heating source, afptogessing technique
adopted(Ghosh & Karbhari, 2011b)For instance, using robust pgebcessing techniques with
capability to efficiently remove background noise can be favoured when a poor IRT technique is used

to excite the specimgiYumnam et al., 2021)

The first step of an infrared inspection involves the establishment of a thermal gradient. The
development of temperature differentials can be accomplished considering the size and environmental
conditions around the inspected structure. Two separate aqgy@® are used when conducting IRT
inspection: active or passive approacfésmnam et al., 2021)Active thermography involves the
transfer of heat to the inspected surface through the use of external heating (halogen heat lamps,
electric/gas heaters, heat guns, and heating blankets) or cooling sources (liquid nitrogen, liquid carbon
dioxide, and cal water) and transient heat transfer ocdttimg, 2006) This method is suitable for
smalklto-medium scale laboratory specimens. For inspection of largéurstructures, the passive
approach which relies on the existing temperature difference of the structure (or derived from solar

loading) is used.

Regardless of the approach used one of the following methods must be employed: a) the surface of the
CFRP is heated and the inspector monitors the surface temperature during the heating process, b) the
surface is heated and the inspector observes theswrfale it cools down or c¢) the opposite side of

the inspected surface is heated and observation of the surface of interest is made as the heat is conducted
through the materigHing, 2006) For civil structures several different factors affect the heat transfer

in concrete structures under ambient condition. These factors include wind effect, ambient temperature

changes, and solar loading. A limitation of the IRT testing method is thatamaes where the depth
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of the defects is of concern, the infrared camera cannot be used since it only provides information on
voids' planar dimensions. On the other hand, its sensitivity to temperature variation means depending
on the heat intensity, defects can be left undetkdt is, therefore, a good practice to verify IRT results

with other applicable NDT such as tap testing.

While laboratory experiments have demonstrated the effectiveness of IRT as a reliable NDT technique
for inspecting CFRP composites bonded to concrete, these relevant experimental studies have focused
on embedding artificial defects in the strengthenedrlégalietti et al., 2007; Hu et al., 2002; Tashan

& Al-Mahaidi, 2014; Valluzzi et al., 2009bJhe same approach is typical for research on composite
bridge decks found i(Brown & Fox, 2010; Halabe et al., 2006; Halabe et al., 208 )earlier study

by Halabe et aldemonstrated that IRT is capable of detecting subsurface defects between concrete
columns and different types of FRP materi@salabe et al., 2008)his qualitative research involved

the inspection of twelve smadize laboratory samples with embeddedfiled and wateffilled

debonds of varying sizes and field testing e$amvice timber railroad bridge piles wrapped with glass

FRP (GFRP) compdss.

wrapped  infrared data acquisition
heater cylinder  camera laptop

i

(A

Figure 2.9 - IRT setup in laboratoryHalabe et al., 2008)

During the 70 second heating period of the laboratory samples, using two 1500W quartz tower heaters

shown inFigure2.9, the data acquisition or image collecting process was initiated immediately after
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the heaters were switched on and continued a few minutes after the heating sources were turned off. All
the water and airfilled voids were easily identified as hot spots; that is, regions above the defect areas

showed temperature readings much highen tha defecfree regions

Brown and Hamilton completed an IRT study on sreallle laboratory specimens followed by four
full-scale AASHTO Type Il concrete girders that were loaded to faiBn@vn & Hamilton 111, 2003)

The girders were strengthened with varying layers (single to four layers) of FRP strips. Prior to testing,
vehicle impact was simulated in the girders by cutting multiple prestressing tendons. CFRP and GFRP
were then applied to increase the flexural cétpaf the damaged girders and IRT was conducted after
installation of the composite materials and at various stages of loading atdilpostto capture the

effect of loading on the debonded area. In their study, three heat sources were investigated: 5
hal ogen | amp, infrared heating |l amps (125W), anc
on both the smakcale specimens and the fgsite AASHTO Type Il girder concluded that IRT is
efficient in evaluating the condition of the bond inéed between the bonded CFRP wraps and the
concrete substrates. They found that the photographer flash was only effective in identifying defects
within a single layer of carbefiber. The study also concluded that IRT performed poorly for detecting
deeper dfects. Infrared analysis of the pixgy-pixel temperature data showed that the effectiveness

of the IRT method in detecting subsurface defects decreased as the laminate thickness iAcreased.
similar investigation of doubleee (DT) concrete beams retrofitted with caddd®P wraps was
performed by Mtenga et a{Mtenga et al., 2001)n their approach, heat guns were used as the primary
source of heat to detect voids. They concluded that IRT is an essential method for quality assurance in

structures retrofitted with bonded composite materials.

Miceli et al. demonstrated the use of IRT for monitoring the health of FRP bridge (tiéicks et al.,
2001) Analysis of the infrared images revealed the usefulness of IRT in detecting debonds and
delamination in the FRP decks. However, surface anomalies such as staining -amiforom wear

caused complications in data interpretation. The authors also higllitire inaccuracy of IRT in the
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estimation of defects with moisture contertisi et al. used IRT method to detect voids of different
sizes that were embedded at the interface between the FRP and the dbhcettal., 2002) The
defects were created by cutting pieces of plastic. The researchers were able to detect subsurface defects

even when the heat source was placed at a distance of 20 metres from the test specimens.

In an insitu condition assessment, IRT was used to detect bonding defects on a strengthened bridge
located over the Doubs River in France, showRigure2.10 andFigure2.11. The bridge was built in

the 1960s with three distinct and independent sections (two access spans and a main central structure)
(Taillade et al., 2012)A visual inspection in the 1990s revealed extensive transverse cracking of the

lower slabs on the midpan girders, which warranted CFRP strengthening. IRT was then used to detect

defects within the strengthened system.

Figure 2.10- In-situ Infrared bridge inspection\&dew of strengthened regions (lefh) mounted lift
platform (right)(Taillade et al., 2012)

Figure 2.11 - Test schematic and defects within bonded CFRifllade et al., 2012)

The authors discovered both wrapping defects and gluing defects. The test schematic and detected

defects are shown iRigure 2.11. Taillade et al.(Taillade et al., 2012pointed out that the main
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challenge of the IRT inspection was the accessibility to the FRP bonded areas. In this case, a truck

mounted lift platform was used, as showrrigure2.10.

There is still a lack of test data on the application of IRT to investigate thédandield performance

of in-service CFRPstrengthened bridge elements where defect locations and sizes are unknown before
the inspection. Furthermortiere are no existing specifications for IRT inspection of bond repairs using
CFRP composite and this has led to inconsistency in the IRT approach amongst researchers. Throughout
available literature variation in heating sources, distance from heat $ouheeinspected siace, and

the duration of heat exposure differs immensely. Determining the heating limits is significant for a

proper IRT analysis.

2.3.3Digital Tap Testing
The tap testing methods (traditional coin tap and the electronic hammer tap) are simple and cost
effective NDT techniques for condition assessment of critical infrastructure retrofitted with externally
bonded composite materials. Tap testing methods irbr@tion with the previously mentioned IRT
are reliable approaches for detecting subsurface anomalies without compromising the integrity of the
FRPstrengthened structure. Both the IRT and the tap testing techniqgues complement each other and
provide the ispector with confidence in their inspection results. The tap testing techniques discussed
herein can be conducted for quality assurance of new installation and inspecticemwide structures

strengthened with CFRP composite materials, which can fustbenpt repair.

The traditional coin tapHigure2.12a) is the simplest and cheapest widely used tap testing method for
inspection of FRP composites. However, the traditional coin tapping approach is inherently subjective,
operatordependent, and prone to interference from the test surroundings. Demandsefiaatustry

to quantify test results and eradicate the subjectivity of this approach has led to the development of new
technology. The digital tap testing resolves the ambiguity of the coin tap r@hatsligital tap test

(DTT) hammer shown ilrigure 2.12b is another technology transfer from the aerospace industry to
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civil infrastructures. This device, also known as the Rapid Damage Detection Device (RD3), was
developed by the Boeing Defense and Space Group for detailed inspection of composite materials used
for aircrafts. The device comprises a lightweight hammermpgma with an accelerometer; the hammer
head is connected to the handheld module via a cable, as sheigare2.12. In addition, the handheld
module contains digital logic components and a liquid crystal digital display powered by a portable
rechargeable -9olt battery. The accelerometer within the hammerhead is built to translate the force
time pulse generated afieach tap into a voltage pulse. The inbuilt programmable array logic integrated
circuit (PAL IC) measures and displays the pulse width at half amplitude on the display screen in
microseconds. The fordeme pulse is related to the localized stiffness ofitispected material. As a
result, regions of surface defects such as debonds or delamination will produce a widimtmedse
response than the sound ardaigfre2.13) and a larger value will be displayed on the LCD screen

(Georgeson et al., 1996)

Figure 2.12- Acoustic tapping devices) Traditional coin tap test b) Digital tap testing hammer used
on the CB Diaphragms
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Figure 2.13 - Digital hammer typical forcéme pulse a) Brcetime pulse over sound region
b) over defective are@eorgeson et al., 1996)
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In general, the technique involves knocking the surface of the composite laminate/sheets with a small
hammer, and the electronic device attached to this hammer will display a number in microseconds for
each tap. The change in the number readings will tielpct areas of voids and delamination within

the composite. First, a tap number range is set for sound areas of the structure. Then, the rest of the area
is tapped, and any number that is ten percent greater than that of the readings of the sound areas is
deemed a defective ar@idalabe et al., 2020After every single tap, a light tap should be made to reset

the display reading to zero before proceeding to the subsequent tapping spot. The displayed number is
generally independent of the tapping force; however, if the tap is too light, erronedngsead likely,

and an excessively hard tap may damage the tapping féasbr, 2018)

Limited literature is available on the application of digital tap testing on CFRP laminates/sheets bonded
to concrete structures. However, in a recent laboratory and field study work by Halalfe &bk et

al., 2020) findings from laboratory specimens with varying thickness shows that DTT technique was
only effective for defects at shallow depth, such as debonds in thin CFRP wraps and the technique was
not able to detect delamination in thick FRP members. Moredar field testing results on Whiteday

Bridge concrete bekeam bridge in West VirginiaF{gure 2.14) showed the potential of the DTT
technique in detecting voids and delamination in thin FRP wrapp.results of the Whiteday Bridge,

which was retrofitted with CFRP due to corrosion of the prestressing strands, were well within the 10%
margin for readings from the debonded and sound areas. The authors concluded that the DTT method
is a quick and conveent technique, but is unable to detect delamination for thicknesses greater than 5

mm.

Figure 2.14 -Whiteday Creek Bridga) beforerepair b) After CFRP repaifJoshi, 2018)
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In summary, although coin tapping has its inherent drawback, a more time efficient approach for
inspection of large composite structures strengthened with CFRP composites should start with coin tap
testing since the method can help narrow down the deéeatda and the accuracy of the result can be

checked by both the digital tap test and IRT.

2.4FRP Bond Tests

2.4.1Direct tension pull-off test
Over the years researchers have conducted various NDT and destructive testing methods, mainly in
laboratory settings, to understand the performance of the bond between composite materials and
concrete. The pulbff test stands out as the most popular seestructive or destructive evaluation
method that can be conducted both in the laboratory and the field to assess the bond strength between

the CFRP and the concrete substrate.

Several variations of pubhff test exist(ASTM, 2004, 2021b; ASTMD4541, 2017all of which are

used to measure the tensile capacity of an overlayed material on the concrete substrate. The version of
direct tensile pulbff test specific to bonded FRP composites is currently standardized in ASTM D7522
(ASTM, 2021b) The testing apparatus (loading fixture with a minimum diameter of 2 inches and pull

off tester) and configuration with the FRRBbstrate interface is seenkigure 2.15. Other required
equipment includes a circular hole cutter, a timer to control the loading rate (required for manual
versions of the machine), and a fixture bonding adhesive (epoxy). As shéiguie2.16 the pultoff

testing system determines the maximum tensile force that the co@i¢rBte interface can withstand
before failure. Failure is expected to occur within the weakest plane of the strengthened system. Since
the tensile capacity of the underlyingncrete is expected to be much lower than the tensile strength of
the structural adhesive at the bond interface, failure is expected to occur within a few millimetres into
the concrete adjacent to the strengthened layer. The testing procedure gendtalBs iscoring
through the CFRP sheet or laminate into the concrete using a core drill to a total depth of 6 mm to 12

mm. The surface of the isolated area is then cleaned, sanded using fgeatsandpaper, and rinsed
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with solvent. To avoid compromising the bond surface, the cleaned surfaces should be allowed to dry
out properly before proceeding with the next step. The circular metallic dolly is then adhesively bonded
perpendicular to the FRP sheet. After that, thépfiitester is attached to the metallic dolly and aligned

through a threaded hole at the centre of the dolly (loading fixture).

Figure 2.15 - Direct tension pufbff ésting apparatus
According to ASTM D7522ASTM, 2021b) an applied normal stress ofess than or equal to 1
MPa/min is gradually applied until the dolly (loading fixture) detaches with a portion of either material.
The operator should ensure that the arrangement of thefpadister is kept at this perpendicular
location throughout théest as depicted ifrigure 2.16. The load which is recorded at the time of
failure/rupture is known as the maximum bond force. Thegf@ibond strength is calculated by simply

dividing the peak force by the area of the dolly, as shovigimation2.2;

10 Equation2.2

In this expressionf is the pull off strength or the tensile capacity of the bé&nds the peak load
obtained at failure, and D represents the diameter of the testing disc. A recent version ofdffe pull

tester shown ifrigure2.15 can automatically calculate the peak load and bond stress and allows the
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user to input the failure mode, which can later be extracted in a cagpaaated values (CSV) file or

excel file.

It is worth noting that ASTM D752PASTM, 2021b)does not specify a requirement for the minimum
strength for the direct tension puiff test. ACI 440.2RL7 (ACI, 2023b) however, requires that a
minimum of 1.4 MPa be considered acceptable and failure should occur in the concrete sBbgtate.
common modes of failurd-{gure2.17) are defined byASTM, 2021b)}to interpret the potential cause

of failure. The failure modes can be adhesive (occurs at the interface), cohesive (coating fails within the
layer which leaves the same coating on both the loading fixture and the concrete specimen), or a

combination of bth.

Failure Mode A reflects the most undesirable failure mode as the failure occurs at the interface between
the FRP and the loading fixture. This failure mode indicates that an inappropriate workmanship was
executed, or inadequate epoxy was used to fix tding fixture to the concrete substrate and provides

no useful data.

Gradual tensile load applied by pull-off tester

Metallic loading fixture

CFRP-loading fixture Adhesive CFRP sheet/plate

CFRP-concrete Adhesive

Figure 2.16 - Loading direction of bond interface during paff test

Failure modes B through F are premature failure modes commonly encountered. Finally, mode G is a

cohesive failure in the concrete, which is the desired mode of failure. This failure indicates that the full
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potential of the bond between the FRP and the concrete was utilized before failure since the bond that

exists between thERP,and the concrete substrate is stronger than the tensile capacity of the concrete.

E FRP E adhesive -
— —
E 8.2 i3, b ‘.

Mode A Mode B Mode C Mode D Mode E Mode F Mode G

.................

Figure 2.17 - FRP-concrete bond failure modes under gffitest(ASTM, 2021b)
The direct tension pubff test has been implemented in many laboratory settings to evaluate the bond
behaviour between bonded composite materials and concrete su{istediage et al., 2010; Fazli et
al., 2018; Karbhari & Ghosh, 2009; Mata & Atadero, 2044J a few researchers have used the pull
off test method to examine the leterm bond durability of CFRP composite bonded to bridge
structures irservice(Allen & Atadero, 2012; Banthia et al., 2009; Banthia et al., 2010; Pallempati et
al., 2016) Banthia et al(Banthia et al., 2010used the pulbff test method to assess the durability of
the bond of CFRP and GFRP repairs on four Canadian bridges after several years in service. These
bridges were selected to represent a wide range of environmental exposure conditions, lemitk,of ser
and different types of externally bonded FRP materials from various suppliers. A summary of the

bridges investigated in this project is provided able2.2.

Upon chiselling the protective coating, the pofil test was conducted on random arbitrary locations on
columns except in the case of the sksteengthened girders from the Maryland bridge in Manitoba,

where the pulbff test was conducted near the suppehere maximum shear is expected to occur.

Table 2.2-Canadian Bridges investigated by Banthia e{Z4110)

Bridge Year Year Type of Bridge
Built Repaired composite Used Location
Safe Bridge 1955 2001 Sprayed GFRP Vancouver, BC
St. Etienne 1962 1997 GFRP and CFRP Québec
Leslie Street Bridge 1960 1996 CFRP wraps Toronto, ON
Maryland Bridge 1969 1999 CFRP wraps Winnipeg, MB
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These puloff tests were performed using ASTM C15@8STM, 2004) an older specification used

prior to ASTM D7522. The average bond strength giveigmre2.18 for all the bridges ranged from

0.83 MPa to 3.54 MPa. Interestingly, these two values were obtained from different columns on the
same St. Etienne Bridge in Quebec. However, the authors concluded that while the bond between these
structures and the exteilly applied composite materials after being exposed to more than a decade of
harsh environmental conditions remains adequate, they highlighted the need to develop innovative

approaches for restoring the degraded bond.

SUMMARY OF BOND STRENGTH VALUES FROM
PULL-OFF TEST

Pull-off values (Mpa)
[
L

. i
| |

Safe Bridge Safe Bridge Maryland Leslie Street St. Etienne  St. Etienne  St. Etienne  St. Etienne
(Middle End Span) Bridge Bridge (Column1) (Column2) (Column3) (Column4)

Span) |

Figure 2.18 - Direct tension putbff values obtained for various bridg@anthia et al., 2010)

One limitation in this study is that it is impossible to judge what material (concrete, FRP, or the adhesive)
controlled the bond strength since the failure modes were not reported by the authors. Furthermore, the
research failed to present the compresstrength of the concrete from the various bridges assessed
and so the influence of this parameter on the-gifiltest results is not clear. Based on the results
presented irFigure 2.18, it was impossible to understand if the results are due to the quality of the

original repair or a consequence of bond degradation over the years.

The pultoff test is an economical and quick testing procedure with the added advantage of being
deployable orsite as opposed to the other available destructive testing methods solely efficient for
laboratory setting. However, the direct tension 4offlitest is labowintensive in scoring through the

concrete substrate and surface preparation is critical to obtaining accurate results. Furthermore, test
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results can be significantly affected by slight misalignment between the sample and the loading axis
(Eveslage et al., 2010; Mata & Atadero, 2014; Pallempati et al., 2026)siderable care should be

taken during the drilling process. The depth of the drilled core should be limited to not more than 12
mm to avoid interference with any internal reinforcement and avoid the introduction of excessive
torsional or thermal steses that can be generated during the drilling process. In addition, the test
evaluates the bond performance in a direction that is not a realistic representation of the loading
condition of the FRP during servidéigure 2.16. Moreover, the pulbff test procedure can be
challenging for round surfaces in columns and piers. Therefore, several precautions should be observed

when conducting pulbff tests on bonded FRP repairs to curb the variability in test results.

2.4.2Shear lap tests
The role of the bond interface between the composite and the concrete substrate is generally to transfer
shear stresses from the concrete member to the externally bonded FRRUgtsegs Dai, 2005)Thus,
there have been several experimental studies of the local interfacial shear bond behaviour at the FRP
concrete interface to study parameters such as the bond strength, effective bond length, interfacial
energy, and the local bordlip relation( Au & B¢y eok©zt ¢or k, 2006 ; Chat ai ¢
& Pellegrino, 2014; Lopetsonzalez et al., 2012; Mazzotti et al., 2008; Mukhtar & Faysal, 2018; Ueda
& Dai, 2005) A popular laboratory approach commonly performed to evaluate the interfacial shear
bond characteristics between thRP,and the concrete substrate is the shaarest which can be
categorized as single or double shear lap test depending on the number of bonded surfaces. A simplified

sketch of different shear lap test configurations in available literature is shdviguie2.19.

It was previously stated by Mukhtar and Faysal that various test setups could lead to differences in

results even for the same quantity and type of lamifMitgkhtar & Faysal, 2018)In the single shear

testing technique, tensile force is applied to only one laminate or embedded reinforcing steel on either

side of the substrate while in the double shear bond test the tensile force is applied to two components
(LépezGonzélez et al., 2012)Among the two approaches, the single siiaartest is the most

commonly used due to its simplicifiybpezGonzalez et al., 2012Regardless of the test configuration
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(single or double shear), the shear lap test can generally only be performed in the laboratory and pure
shear is hardly achievable partially due to load eccentricity or imperfection on the concrete surface. No
standardized requirement exists with respedhe bonded length or width of the composite in these

test configurations and researchers have typically tailored the test setup to meetspemiict

objectives.

Single Shear Pull-Push

Concrete Concrete

Double Shear Push-Push
Figure 2.19 - Different sheailap test configurations for characterisation of F&tiAcrete bond layer

Chataigner et. glChataigner et al., 2011)sed a single lap shear test to investigate the failure mode,
ultimate capacity, strain distribution, and influence of edge condition in FRP composites. In this
experiment, the authors developed a revat supported singlehear test that was originaligtended

to be for the assessment of shear bond properties oftesteshcrete joints. Contrary to the common
technique of using a universal testing machine, a 106c&hcity hydraulic jack as shown kigure

2.20was used to apply the load. Both CFRP plates and laminates were used to strengthen the substrates.

The mode of failure (cohesive failure in concrete) was unaffected by the strengthening process (plates
or sheet). However, a difference in failure mode was noticed depending on whether the specimen was
bonded to the edge of the slab or bonded 50 mm awaytfre edgeFigure2.21 shows that specimens

bonded to the edge showed a detached concrete on the CFRP after failure.
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Figure 2.20-Test set up and machif€hataigner et al., 2011)

The ultimateload capacity of the joint was found to greatly be dependent on the type of strengthening
approach adopted iRigure 2.22. However, both strengthening processes showed similar behaviour
(linear and neaconstant load plateau). Based on results obtained from the strain pffiee.23),

the bond transfer length was estimated between 100 and 200 mm. The higher stiffness material (CFRP

plates) had a higher transfer length than the CFRP sheets.

Figure 2.21 - Failure surfaces for a) 50 mm gap from the edge b) bonded to th¢Giudgaigner et
al., 2011)
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Figure 2.22 - Load-displacement curve of a typical CFRP sheet (GT1) and @&&iataigner et al.,
2011)
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Axial strain on the composite
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Figure 2.23- Lap length strain profiles for a) CFRP plates b) CFRP gfdwttaigner et al., 2011)
Li et al. (Li et al., 2023)onducted aletailedinvestigation to assess the impact of interface defects on
the bonding behavior between FRP and concrete interfaces. The authors used Teflon tapes to replicate

the discontinuities that can arise at the CFRRcrete bond line.

Using 30 concrete prisms of rectangular cresstion, the specimen was prepared with varying size

and shapes of defects (circular, oval and squares) ranging from one to nine defects. Analysis of strain
data obtained through 3D digital image correlatiochdques revealed a notable reduction in axial

strain in the vicinity of defects, particularly in specimens where defect areas exceeded 5%. For instance,
as the defect size increased from 10% to 25%, the strain on the CFRP sheet &cthioaion
deceased from 0.004 to 0.002. This decline in strain indicates a diminished capacity of the interface to
transfer shear stresses. Specimens with smaller defect sizes exhibited constant strain across the bonded

width, while increasing the defect sizes ledttaia heterogeneitgt the edges

Li et al. (Li et al., 2023)noted that when the defect area was less than 5%, the influence of defects on
interface shear stress transfer was minimal, with the reduction in debonding load similar to the
fluctuation seen in traditional interface debonding processes. Moreover, reggadetiot shape, circular

and oval defects were observed to have more detrimental effect on bond performance compared to
square defects. The authors also highlighted that defect concentration significantly impacted the bond

strength.
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2.4.3Beam tests
The load transfer between the CFRP sheet and the concrete occurs through the interface bond layer as
mentioned earlier. For a concrete member strengthened with CFRP sheet for flexure or shear, failure
(in the form of debonding) in the bond layer may resulh brittle fracture of the structural member
(Ueda & Dai, 2005)It is therefore important to understand all the possible modes of failure and their
influence on the ultimate capacity of the strengthened concrete member, since these different failure
modes alter the ultimate load at failure. The failure modes of &fRRRgthened concrete members
have been wellesearchedGao et al., 2007; Smith & Teng, 2002; Teng & Chen, 2007; Ueda & Dai,
2005; Wu & Niu, 2000)While contradictions exist on the definitions for classifying these failure modes,

the testing approach through flexural bending tests have been consistent among researchers.

Ueda and DajUeda & Dai, 2005¢lassified bond failure for flexural strengthened members to consist
mainly of plateend debonding (also known as concrete cover separation), which occurs from high
normal and shear stresses at the end of thick bonded CFRP laminates but seldom fétPhah €2fts,
anchorage failure due to insufficient anchorage length, and intermediate crack induced debonding
initiating from flexural and flexurashear cracks. Smith and Teng (2001) identified the six failure

modes shown ifigure2.24.

FRP rupture

D244\ 1RNNNN
Fy — = 7

High stress zone

Crack propagation

(a) FRP rupture (d) Concrete cover separation

“oncrete crushing %" A High siress zone
AL//MH\\\\\‘_ Lﬁf/\(.,é._u )%

Crack propagation

(b) Crushing of compressive concrete (e) Plate end interfacial debonding
Crack
High stress zone ‘¥
//\Shmr crack \L Crack propagation N \L
4 ] . i ]
4 A
(C) Shear failure (f) Intermediate crack induced

interfacial debonding

Figure 2.24 - Various failure modes of CFRP strengthened concrete members under (outte &
Teng, 2002)
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In terms of sheastrengthened beams the common mode of failure identified by researchers are CFRP
rupture and CFRP debonding. The latter mode of failure is highlighted by shear critical beams
investigated by Baggio et a(Baggio et al., 2014)These various modes of failure have been
demonstrated by researchers using the conventionapfont or thregpoint bending test setup such as

that shown irFigure2.25.

Loading actuator
Loading beam
[1

Shear Span [
+—>

Support Plates

Loading Plates

Figure 2.25 - Schematic sketch of conventional fepoint flexure test

Baggio et al(Baggio et al., 20149onducted beam tests to determine the capacity of nine citeal

beams strengthened with different commercially available composite materials. These simply supported
beams with a clear span of 2200 mm between supports and a shear span of 900 timen sideiof

the beam were subjected to fquoint loading under a displacement control condition of 0.3 mm/min.
Three modes of failure comprising of shear failure, shear failure with debonding, and flexural failure
with crushing of the concrete were ohast as shown ifrigure 2.26. The load displacement curves
depicted a minimum ultimate load of 223 KN for the control beam (without external strengthening)
which failed in shear by diagonal tension. A minimum and maximum of 32 and 75 percent increase in
ultimate capacity was obtainedrfthe strengthened beams in comparison with the ultimate capacity of
the control specimen. Their predicted values using-t@sded approaches and the values obtained from

experimental work were in close agreement.
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Figure 2.26 - Failuremodes observed by [83) Diagonal tension failure of control specimen b)
debonding c) flexural failuréBaggio et al., 2014)

2.4.4Punching peel test
In the early 2000s, a new application of bonding FRP composites on the bottom surface of tunnel linings
or elevated bridges to prevent the falling or spalling of deteriorated concrete materials became popular
in Japan(Dai et al., 2004a; DAI et al., 2004b; WU et al., 2000; Wu et al., 2005a; Wu et al., 2005b)

Figure2.27.

Figure 2.27 - Schematiof concrete spalling from tunnel lining and slab of viadéfs et al.,
2005a)
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As shown inFigure2.27 the CFRPconcrete interface in these strengthening schemes is subjected to
both tensile and shear stresses simultaneously (mixed mode loading). This state of stress is
representative of the actual loading condition of many field structures strengthdasthléx with

CFRP materials. Few experimental studies were undertaken to investigate the@feRde interface

under this particular mixed mode loading condition and most of the detailed published literature are in
the local language (Japanese). In ¢hegperimental endeavours, two types of test methods were
developed to help characterize the bond interf@ed et al., 2004b; WU et al., 2000; Wu et al., 2005a)

The first type of test is a beatype dowel test, in which unidirectional FRP sheets are bonded on the
soffit of a notched concrete beam and the second is-dyglalpunching shear tegtigure2.28) which

is mostly undertaken with a bidirectional FRP sheet bonded to the bottom of the slab.

Among the limited available literature in this field, Dai et(Blai et al., 2004a)sed the beartype test
to perform a detailed investigation on the effect of several parameters (such as concrete strength, CFRP
stiffness, adhesive etc.) on the dowel resistance of the bond interface on eleven strengthened beams

with crosssectional dimasions of 150 mm x 150 mm and a span length of 90Q(Rigaire2.28).

Steel rod appliid dowel load

Figure 2.28 - Schematic diagram of beatype dowel test and slaigpe dowel tesfWu et al., 2005a)

In the test procedure, the CFRP was directly subjected to the dowel force through a 30 mm diameter
vertical rod that was connected to the universal testing machine similar to the arrangement shown in
the bearrtype setup inFigure2.28. A steel block of dimensions 45 x 60 x 30 mm was bonded to the

60 mm wide CFRP sheet and a ball hinge was set between the rod and steel plate. The effects of various
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parameters on the dowel resistance are shown in dowel force versus crack mouth open displacement
(CMOD) graphs presented iRigure 2.29. Figure 2.29 shows that the interface dowel resistance
increased by nearly 28% with increase in the compressive strength of the concrete from 23.4 MPa to
42.1 MPa, while the lower elastic modulus adhesives resulted in higher dowel force resiStamee.
2.30depicts the effect of FRP stiffness on the dowel force resistance for a givest prdoonded length
between the FRP and the substrate. At the initial peeling stage, the dowel resistance increased with the
increase in material stiffness. This observati@s more pronounced when a shorterggeunbonded

length of 2.5 mm was set between the FRP and the concrete. Overall, two different modes of failure (in
the concrete and the adhesive) were observed with the most common failure occurring a few raillimeter

into the concrete just adjacent to the bond line.
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Figure 2.29 - Dowel force versus crack mouth open displacement (CM@gffect of concrete
strength on dowel resistance  b) Effect of adhesive on dowel resistdbBee et al., 2004a)
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Figure 2.30 - Dowel force versus crack mouth open displacement (CMEIfBgts of FRP stiffness
on dowel resistance a) pset unbonded length a =22.5 mm b) a=2.5 r{ai et al., 2004a)

There is a lack of comprehensive literature on the bond behaviour ectéitirete interfaces when

subjected to dowel forces such as those imposed by delaminated concrete pieces. A wide range of values
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have been reported for the maximum dowel force and current literature have failed to investigate the

effect of the interfacial fracture energy on the peel angle.

2.4.5Variable angle peeloff test

The premature debonding of FRP sheets may be produced by a significant flexural or-flezaral

crack in the member's span. Under that condition, the relative vertical displacement of the crack's
opposites sides will induce mixed mode loading on the et Figure2.31). Understanding the
strength of the adhesion or the interfacial fracture energy is critical to the success of the composite
behaviour of the repaired structure. One of the less widely used adhesion tests is-tffietestelin
general, a peeling test inwing a rigid material (concrete) and a relatively flexible material (FRP sheets)
can be performed by pulling the flexible material away from the rigid Biggife 2.32). The greatest
amount of force required for peeling per unit width of the laminate bonded to the substrate is regarded
as the peeling strength of the bond between thedéeRErete interface. Karbhari and Engineer designed

a practical peel test to studyetbond strength at the FRIBncrete interface under mixedode loading
conditions at different interface peeling ang(&sarbhari et al., 2003; Karbhari & Engineer, 1995;
Karbhari & Engineer, 1996; Xie & Karbhari, 199Figure2.33 shows the configuration and setup of

the proposed test.

Flexural shear crack ‘1 .oad

ok |
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Figure 2.31-State of FRP at the tip of intermediate cré¢ko et al., 2005)
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Figure 2.32 - Schematic diagram of vertical angle peel test
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Figure 2.33- Top to Bottom: Schematic of peel test setup and geometrical mech#idshari &
Engineer, 1995)

Besides the fact that it can represent the mixede of failure encountered by strengthened structures
during service, other advantages of this test method include the controlled rate of failure and the fact
that the peel force is directly related to twerk of detachmen(Karbhari et al., 2003; Karbhari &
Engineer, 1995; Karbhari & Engineer, 1996; Xie & Karbhari, 19&%en though the test was not
oriented towards a particular application of FRP strengthening, it enables the evaluation of both the
opening modéCwork of the normal traction) and the sliding mo@g{wyork of the shear traction).

In Figure2.33, a thin strip of unidirectional carbon fibre is bonded to the concrete substrate and a peel

force is applied to the end of the sheet at a predetermined angle. A peel angle of 45 degrees was
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suggested by Karbhari & Engineer, and an angle above 60 degrees was shown to cause severe cracks
of the composite strips during the peeli@rbhari & Engineer, 1996 A detailed analysis of the test
is presented iiKarbhari et al., 2003; Karbhari & Engineer, 1995; Karbhari & Engineer, 1996; Xie &

Karbhari, 1997)

FromFigure2.33, when a length 4f ds peeled away at a constant angle dfom the concrete, the

point of application of forc® will travel a distance &f d§1 +7 ), where- is the tensile strain in the

FRP (in the direction of the fibre). The work input by the force P can therefore be calculated as the
product of the magnitude &f and the distance travelléd] ¢i +7). In the absence of other external

forces, the expression of the energy equilibrium is giverEnuation2.3.

O p - 1 @0YO Q& | 0O Equation2.3

In this expression, w and t represent the width and thickness of the strip, respectively{Eapudtion
2.5) is the strain energy density at a strain-dEquation2.4). 0 @ £7i jis therefore the work done by
the horizontal components of the applied IBaahd"O(Equation2.6) is the fracture energy required to

peel a bonded area 6f 8

v Equation2.4

¢ Cw 00 Equation2.5

CA

Equation2.6

0 .
0 — WéEil | ——
Up ¢ 00

In a more recent endeavo(Kim & Horwitz, 2021) Kim and Horwitz modified the peel test to
investigate the oudf-plane peeling of the CFR&bncrete interface at elevated temperatures (up to 150
degrees Celsius). Peel tests were conducted on 54 concretedblbeksoncrete blocks measured 75

mm wide by50 mm deep by 280 mm long. The research affirms the vulnerability of theéiRirete

interface under variable angle loading and temperatures exceeding the glass transition temperature of
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the epoxy adhesive were found to cause a substantial reduction in the interface's capacity due to the
softening of the interfacd-{gure2.34). However, the implication of peel angles less than 30 or greater
than 60 degrees was not studied. The peeling failure of the €&RfPete bond interface was captured

with an IRT camera as depictedrigure2.35.
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Figure 2.34 - Load-displacement relation at different peel andkisn & Horwitz, 2021)
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Figure 2.35- I'Seeling sequence at 60 degrees angle under 75 degree (élsigs Horwi:t'z, 621)
2.5 Analytical modelling of bond at the CFRP-concrete interface

The tension developed in bonded FRP materials is transferred to the concrete substrate primarily
through shear stresses in the adhesive. Shear-sligsslationship therefore becomes an important
topic for many researchefideda & Dai, 2005) Many analytical models have been proposed to account

for the influence of parameters such as effective bond length, concrete strength, and interfacial fracture
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energy on the average shear bond strength or the ultimate shear gBdagthko et al., 1998; Chen

& Teng, 2001; Holzenkampfer, 1994; Maeda, 1997; Neubauer & Rostasy, 1997; Téljsten, 1994; Tanaka,
1996; Yoshizawa, 1997; Yuan & Wu, 1999; Yuan et al., 2008¢se models are normally based solely

on data collected and analysed from experimental work in the literature (empirical), fracture mechanics,

or simplified expressions to facilitate design as highlighted in the flowchart bEIguré2.36).

[ Bond Strength Models ]
[ |
[ Empirical models J ( Fracture mechanics models | ( Design Models ]
|
| |
[Linear elastic fracture mechanics (LEFM)] [ Nonlinear fracture mechanics (NLFM) ]

Figure 2.36 - Classification of present shear bond strength model for FRP bonded to concrete

The following subsections will highlight selected bond strength models and their limitations. Most of
the fracture mechanics models are based on modified work by Holzenkgrhpisenk&mpfer, 1994)

and a significant difficulty exists in accessing the original work by the authors (in German).

2.5.1Yoshizawa model

Based on a series of double shear lap tests conducted by Yoskyashizawa, 1997)an empirical
expression was proposed that presents a relationship between the full bonded length of the FRP and the

average shear stress at failure giverebyation2.7:

L T Equation2.7

In this expression) is the entire bonded length in millimeters ands the average shear stress in

MP a . Yoshi zawabds model , however, fails to consid
as the stiffness of the composite, concrete strength, or effective bond length. A similar empirical model

that neglects #se critical bond parameters was also presented by T@Fakaka, 1996)
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252Maeda et al . 6s model
Maeda et al(Maeda, 1997put forward a more developed empirical model that takes into account the
effect of the effective bonded length and the stiffness of the composite. The ufomeatevhich is

given as the product of the average bond strength and the effective bond area is §ougation2.8

to Equation2.10:
0 tzad Equation2.8
T p@epmOo0 Equation2.9
0 Q& *8 Equation2.10

In Equation2.8 to Equation2.10, 0 is the ultimateforce in Newton,t is the average shear bond
strength is the bonded width, anid is the effective bond length beyond which an increase in bond
strength is not experience@ ando0 are the modulus of elasticity and thickness of the FRP,

respectively.

253Bl aschko et al . d6s model
Based on Holzenkampferdéds nonlinear fracture mec|
modified version of the model that included the effective bond lefRjdschko et al., 1998; Chen &

Teng, 2001)given by Equation 2.11:

AT @ 000 O 5 Equation 2.11
6 v

v 5 "00 ¢ U U Qiﬁ) "

uﬂ@c 05 ¢ 3 U

The parameters in this fracture mechanics model are defined as those in the previous mentioned
empirical equationsEquation 2.11shows the expression for the ultimd¢ece The effective bond

lengthd in mm, fracture energyD (U & afa & ), are given irEquation2.12 andEquation2.13 and

the geometric parameter is presented iEquation2.14:
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Equation2.12

" 0o
v TQ
0 67070 Equation2.13
¢ Qjw Equation2.14
'rQ ad
PP ¢ ﬁ—p T

In the above equation¥) is the average surface tensile strength of the condreig,a constant
derived from linear regression analysis of shear lap téstandc are the width of the bonded

composite and the concrete, respectively. This model included many key parameters to predict the shear

bond strength between FRP and concrete.

254Tal j stenbds model
Based on Holzenkampfer model and the modified model from Blaschko, TdJjsiisten, 1994)
developed a simplified NLFM modeE@uation2.15 and Equation2.16) that ignored the concept of

effective bond length:

000 Equation2.15
0 ®
p |
0o Equation2.16
00

255Yuan and Wuds model
A model similar to Talj st @uad&Wuykd3)whiechalsolexclpdedd by Y
the concept of effective bond length but did include the effect of geometric parameters such as the width
of the composite material and the concrete. The expression for the ultimate bond strétita same
as that presented by TaljstdBqUation2.15) but the coefficient (Equation2.17) was adjusted to

include the width of the concrete and composite:
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00w Equation2.17

256Neubauer and Rostasyds model
Neubauer and Rostagdeubauer & Rostasy, 199dgveloped a NLFM model that did not take into
account the width of the concrete in formulating the expression for the maximum bond strength given

by Equation2.18 to Equation2.20:

Equation2.18

™D O 00°Q o0 0
6 Y
0 O ¢000'Q 0 0 Q@ 0
" < TR
00 Equation2.19
0 5o
O 00 Equation2.20

Parameter$ ,"0,"Q ,0,0,0 , & are defined as given in previous models.

257Chen and Tengbs model
Chen and Ten{Chen & Teng, 2001 )developed a more simplified practical model to predict the bond
strength and effective bond length of FB#hcrete interface. The model accounts for parameters such
as the effective bond length, tensile strength of concrete, and geometrical (widthJ matioltimate
bond strength is given byquation2.21. An explanation of the various parameters in this model have

been presented in the other highlighted models.

0 mcxi QHD Equation2.21
The width ratio was defined according to Equation 2.22:
T ¢ OTG Equation2.22
P [8) 7&)
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The coefficienf accounts for the ratio of the effective length to the total bonded length.

p Q® 0O Equation2.23
T “ 0
i Q& EOXORNNY)
cO

The effective bond length was expressed as giv&guration2.24:

Equation2.24

il
S| o

2.6 Numerical modelling of bondat the CFRP-concrete interface
In recent years, researchers have proposed various numerical modelling procedures to complement
experimental investigations and enable the evaluation of different parameters that affect the bond
performance between the CFRP and concrete through pararsietdies (Arduini et al.,, 1997,
Chansawat et al., 2001; Tedesco et al., L99@thermore, the flexibility of the finite element method
means comprehensive studies to predict the failure mechanism of RC members strengthened with CFRP
can be conducted within a minimal time and budget. However, numerical modelling of the
nonhomogenaus behaviour of concrete in combination with the anisotropic behaviour of the CFRP
sheets is a difficult challenge and researchers have disagreed on the best modelling approach.
Researchers have simulated concrete elements strengthened with FRP usimgathrepproaches
embedded in the various available commercial software such as ABAQUS: the smeared crack approach,

discrete crack model, and the concrete damaged plasticity model (CDP).

In the discrete approach, the debonding is modelled as a crack of zero width that propagates along the
bond surface. Even though this approach is numerically economical, it requires a prior understanding
of the crack path, and besides, interfacial cradpagation rarely occuf€oronado & Lopez, 2010)

This method is ideal for modelling debonding that occurs along the surface formed between two
adjacent materialgCoronado, 2006 However, in a more realistic scenario, the crack path during FRP

debonding continuously changes direction, and these cracks can propagate within the concrete.
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In the smeared crack method, the damage process that occurs during the failure of thedatvstratie
interface is smeared in a band of fixed wififloronado & Lopez, 2010Moreover, the orientation of

the crack plane is not restrictéiRiots & Blaauwendraad, 1989)he material properties such as modulus

of elasticity, tensile strength, compressive strength, ssteaim curve, softening curve, and the Poisson

ratio of the concrete, epoxy, and FRP are crucial for the accuracy of the finite element analysis. These
properties are obtained from a series of material testimg CDP is a material model embedded in the
software that allows users to define the elastic and plastic properties in addition to the damage properties

(compression and tension damage) of plaih @inforced concrete.

A detailed review of the literature shows that majority of the numerical analysis work on concrete
elements strengthened with CFRP are performed assuming a perfect bond between the concrete and the
CFRP sheet or plate which makes it difficult to replidhte debonding failures that are sometimes
observed during experimental wapkrduini et al., 1997; Chansawat et al., 2001; Tedesco et al.,.1999)
Moreover, no literature is available on a single detailed finite element model that could validate multiple

experimental loading conditions.

Obaidat et al(Obaidat et al., 201Q)sed commercially available finite element model tool Abaqus to
highlight the benefits of modelling the interface between the concrete substrate and the CFRP using two
different models. The first model assumed a perfect bond between the concrete &RIRhEl@vever,

in the second model, the bond interface was modeled using cohesive zone model. FHigwe2B7

is the simple bilinear relationship used in the cohesive zone model to define the-saptoation. In

this bilinear relationship; represents the peak shear stress of the adh&iigthe local stiffness

of the adhesivé, and are the opening displacement at peak stress and fracture respe@@ivay.

the energy required to open a unit crack (interfacial fracture en@igg3e numerical models were also

used to analyse the effect of bonded length on the ultimate load capagitye@.38). The numerical
simulation results were then validated against experimental work on eight beams preggibedtiat

etal., 2011)
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Figure 2.37 - Constitutive law used to define the tractiseparation of the adhesiy®baidat et al.,
2010)
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Figure 2.38 - Different bonded length investigat€@baidat et al., 2010)
In these models, a plastic damage constitutive model was used to model the concrete and elastic
perfectly plastic behaviour was assumed for the steel, while the CFRP was modeled as a linear elastic
material. In modelling, 4ode linear tetrahedral elememt®re used to model all three materials
(concrete, internal steel, and CFRP) while a cohesive interface element was used for the adhesive. Due

to symmetry, only a quarter of the beam was modétaglife2.39).
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Comparison of finite element results and experimental data showed a good agreement for the control

beam (unstrengthened) with a slight overestimation of capacity from the finite element Rigded (

980 mm

75 mm

Figure 2.39 - Geometry and meshed elemefi@baidat et al., 2010)
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Figure 2.40 - Load-deflection curve foexperimental versus FEKDbaidat et al., 2010)

The authors observed an increase in maximum load with increasing CFRP bond length; however, the
effective bond length was not mentioned. In other words, the length beyond which negligible increase
in maximum strength is observed was not provided. Regattiiagnterface model approach the

following observations were made:
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9 Prior to cracking, the cohesive zone model and the perfect bond model showed similar load
deflection behavior.

1 The stiffness of the beams was then overestimated after cracking in the perfect bond model and
the model failed to capture the softening behavior of the beam.

1 The overestimation of the stiffness in the pastcking phase led to rupture of the CFRP instead
of the debonding that was experienced in the experimental work.

1 Cohesive zone modeling of the interface gave good agreement with the experimental work.

Besides the more established commercial numerical modeling tools such as ANSYS, ABAQUS, MSC
MARC and ADINA, there have been several numerical modeling st(@argely et al., 2019; Salgado

& Guner, 2019; Wong, 200bn reinforced concrete members strengthened or repaired with externally
bonded CFRP using a University of Torontehiouse 2dimensional nonlinear finite element tool
known as VectorZWong et al., 2013)Vector2 and its complementary software versions (Vector3 to
Vectorb) are based on theoretical work undertaken by Vecchio and Qukioshio & Collins, 1986)

The software incorporates realistic material constitutive models for concrete, steel, and the externally
bonded composite material and provides a better approach to model the bond interface between the
CFRP and concrete using link and contact elementiseasond elements between the rectangular or
triangular element concrete and the CFRP truss elements. These link or contact elements allow the

relative slippage between the CFRP and concrete substrate through predefined beslipstnesiels.

Wong(Wong, 2001used Vector2 to predict the structural response on concrete members strengthened
with varying types of composite materials. Inclusion of imperfect bond was achieved using bond
elements (link and contact) in combination with different bond ssigssnodés (linear elastic and
elastieplastic). The research involved experimental testing of three-shitieal beams externally
bonded with CFRP materials at the University of Toronto and the numerical validation of those
experimental tests in addition to ethexperimental programs carried out by other researchers in the
l'iterature. The original experi ment al wor k of

simulations are presented elsewhergEhRefaie et al., 2001; Zarnic et al., 199%he approach of
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modeling the CFR{oncrete interface involves creating double nodes in the concrete and CFRP at
locations were the CFRP is attached to the concrete element, thereaftenadewontact element or

two node link element is used to define the interfacee bbnd properties are then applied to the
interface while the reinforcement properties are used for the CFRP. It is essential to note that the
debonding failure mode is extremely sensitive to the reference points or boneslgressstitutive

law usedm the Vector2 program.

The first set of Wongds FE validation was perfor
al. (Zarnic et al., 1999)The beams had cresectional dimensions 200 mm by 300 mm with a length

of 3250 mm and the slabs were 800 mm by 120 mm with identical length as the Dall®2.3 shows

the various elements used in the modeling and a typical mesh of the strengthened components are shown

in Figure2.41. A perfect bond was assumed for the interaction between the concrete and internal steel.

Stirrups were smeared throughout the components.

steel truss elements

CFRP truss elements

(a)

.‘
Foi..

steel truss elements

Y

smeared vertical reinforcement CFRP truss elements

(b)
Figure 2.41 - Meshed slab and beam respectiv@grnic et al., 1999)

From the FE analysis of the different slab models present@dbie 2.4, it was determined that a
maximum bond stresslip value of 3 MPa was optimal in capturing the debonding failure experienced

in the experimental work.

60



Table 2.3- Element used in modelling the Zarnic Beams and Slabs

Concrete Internal Steel CFRP Bond
Interface
Beam 588 98 Truss 42 Truss 43 link or 42
Rectangular elements elements elements contact
Slab 847 154 Truss 65 Truss 66 link or 65
Rectangular elements elements elements contact

Table 2.4 - Results obtained for the Zarnic slab modele(zarnic et al., 1999)

Bond Constitutive Ultimate Maximum Deviation  Mid-span  Deviation
Element Relation bond Load from Exp. Deflection from Exp.
Type stress (kN) Load (%) at Max. Deflection

(MPa) load (mm) (%)

Contact Linear elastic 2.0 55.0 -10.3 38.3 -17.4

2.5 57.8 -5.72 44.3 -4.58

3.0 58.2 -5.07 45.5 -1.99

3.5 64.4 5.04 56.7 22.1

4.0 65.2 6.35 57.6 24.1

4.5 65.0 6.02 57.2 23.3

Elasticplastic 3.0 75.8 23.6 81.6 75.8

Link Linear elastic 2.5 56.4 -8.01 44.3 -4.56

3.0 59.2 -3.44 49.0 5.57

Elasticplastic 3.0 73.2 194 78.6 69.3

Perfect NA NA 81.6 33.1 924 99.0

Bond

At a bond stresslip value of 3 MPa a good agreement was observed between the two different bond
elements used (contact and link). However, the contact element predicted load capacity and deflections
much closer to the experimental value (63 kN) for thedr elastic bond stresfip assumption. The

perfect bond (no slippage) assumption between the concrete and CFRP yielded an overestimated value
of 33%. Similar observation was made by the author regarding the beam models where the perfect bond

assumptioroverestimated the ultimate load and deflection by 19% and 66% respectively.
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The second model validated by Wof\yong, 2001)was a set of five continuous beams originally
tested at the University of Bradford, United Kingdom, byRefaie(El-Refaie et al., 2001)The fulk

scale beams had cressctional dimensions of 150 mm by 250 mm with a length of 8500 mm. The
beams were internally reinforced with14 mm diameter rebars evenly distributed at the top
compression level and bottom tension region. The model apiprfor the composite strengthened
beams involved the fundamental steps described above in the Zarnic beams/slabs. Due to symmetry in
dimensions, loading and support conditions and to reduce computational time, only half of the length
of the beam was modsl. Therefore, in the modeled portion, the beam was restrained with vertical
rollers in the direction perpendicular to the axis of symmetry. The geometrical detail of the beam is
shown inFigure2.42. The loaddeflection curves of the modeled specimens are shoWwigure2.43.

It was observed that using contact or link elements to model the interface between the concrete and
CFRP led to almost identical results shown in the negligible differences for thelifgpdaicement

behaviour.

A detailed stefpy-st ep approach of Wo n ¢Wong, 20@l)d e Th e s a mtviao
observations reaffirm the importance of modeling the bond interface to accurately predict the structural
response of concrete members externally strengthened with CFRP materials. The work of Wong
concluded that while accurate results caolitained by using link or orgimensional contact elements,

higher order contact elements are generally preferred.
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Figure 2.42 - Load and Support condition of the-Eefaie Beam¢$El-Refaie et al., 2001)
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2.7 Summary and research gaps
Research on the bond between externally bonded CFRP and concrete has advanced significantly,
especially regarding its application in structural strengthening and repair of bridge infrastrdtares.
existing literature hagrimarily concentrated oaither the NDT approachesitlinedin Section2.3 or
ondifferent types obond tests discussed$ection2.4for evaluating bond integrityrhere is a notable
deficiency of multilevel studies that integrate variewaluation protocolsncluding series oNDTS,
multi-directional lond testandnumericalsimulationsand particularly in structural elements built with

high-strengthconcrete.

Overthe pasfew decades, most of the laboratory investigations on the use of externally bonded CFRP
have been conducted on sound concrete without considering some of the common deterioration present
in existing structureshat aresubjectedto fluctuatingenvironmentalkconditionsduring service The
interaction between CFRP systems and deteriorated caofpatete materialgemain inadequately
addressed within current studi®eal fieldscenarioswhich mayinclude debonded regions of unknown

size and location, add complgxto the detection capability of the available NDT techniques (coin
tapping or infrared)in addition, hboratory findings often neglect reabrld complexitiessncountered

in practice, including thenteractiors betweenrepair materialsused for patchng or resurfacing
deteriorated concretnd the variability irwvorkmanship, particularly related to installation and curing

under cold weather conditions.

Furthermore, structural tests are usually conducted on small samples and correlations between various
test setups and between lab and field testing are not avaikatielerated laboratory tesdgsignedo
assesdow factorssuch asmoisture, humidity, andtemperature fluctuatiainfluencethe CFRP

concrete bond over time poorly correlates with -seaild exposurs. This discrepancy necessitates
extended fieldvalidation, especiallyfor strengthened structures that aggposedto extreme
temperaturesycles. The implications of these fact@® on bonddegradationand overall structural

performanceemain inadequately understood
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The research objectives and research methodology describ€thaipter 1 targets the following

identified research gaps:

T
1

Characterization of bond performance of field structures externally retrofitted with CFRP
Lack of literature on testing techniques that mimic realistic loading and failure conditions
Comprehensive comparison of laboratory and standard field test

Reliability of results obtained from the standard field (direct tension-gfi)litest with
laboratory test methods

Results correlation remains a challengenited research is available on how the deterioration
of the bond line affects bond performance in-wgatld structures.

Numerical simulations assuming perfect bond is a common practice liteth&ure buts not
always appropriatespecially when assessing the bond between deteriorated concrete and
CFRP systems.

Most significantly, a single mulstage approach that includes destructive anddestructive
testing, microanalysis, numerical simulation is absent in the literature for both laboratory

specimen and field structures.

The comprehensive interdisciplinary work proposed herein aims to provide robust data to address the

abovementioned limitations in the field of externally bonded CFRP for retrofitting of concrete hridges
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Chapter 31 Mechanical properties of materials

3.1 Introduction
Due to the lack of detailed records regardingasis mechanical properties of thrarious materials, a
series of tests were conducted prior to the bond tests described in Chapters 5 and 6 to assess the material
properties of the bridge diaphragriifiese material properties were used in both analytical calculations
(involving either bond stresses, limiting debonding strains or effective bond lengths) and finite element
numerical simulations of bond tests conducted on the bridge eleniémée concrete cores were
extracted to evaluate the compressive strength of the concrete. In ad#Bti@kRP coupons were
collected All tests were performed under static loading conditions in accordance with standard testing

methods established by tAenerican Society for Testing and MaterighsSTM).

Due to the thin thickness of the patch material Gmm) and the presence of multiple cracks in regions
of the diaphragm sofitwith thicker mortar, the mechanical properties of the patch mortar under

uniaxial tension and compressionuld not be directhgxamined in this studfFigure3.1).

Figure 3.1-Cracks in patch materials

3.2 Material testing

3.2.1Concrete
Three concrete cylindrical cores extracted were tested in compression following ASTAEBY,

2021ajto obtain the compressive of tdephragmsKigure3.2).
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Figure 3.2-Concrete cores extracted from Diahragm #1

The average diameter of the three cylinders was 95 mm, and the height was 200 mm.

3.2.2CFRP coupons
To evaluate the CFRP material's mechanical properties, 36 coupon samples were extracted from
Diaphragm #1. Eighteen coupons were tested following ASTM D8ASIM, 2017)to determine the
tensile properties of the composite materials, four of which exhibited desirable failure modes and were
used to determine the material properties. These samples were carefully extracted using an angular
grinder, mallet, and concrete cHisdaking care not to damage the CFRP itd€jure3.3). Extracted
samples were cut into coupons of 300 mm in length by approximately 25.4 mm in width. Before testing,
6-mm thick aluminum tabs with bevel ends were designed, ground, and bonded to the coupons for even

stress distribution and minimizing stressicentrations over the griggion Eigure3.4).

To minimized damage to the final 300 mm coupon samples, the extracted CFRP was longer than the
required 300 mm length (séggure3.3). Gentle scoring was done on the marked areas where the CFRP
coupon was to be cut, and aggressive cutting methods were avoided. No heat was used during this
process to prevent damage to the adhesive. Any concrete residue on the extracted CFRP strips at th
bond line were carefully removed witm angle grinder and sandpaper before attaching the 6 mm

aluminum tabs to the ends of the coupons.
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An electrical resistance strain gauge was installed ahmiight on one side of the samples (flat surface

obtained after grinding of bond line) while the other surface was speckled for digital image correlation.

A universal testing machine operating angi/min was used to complete the coupon tests.
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Figure 3.4-Extracted samples and coupon dimensions

3.3Results

3.3.1Concrete
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The compressive strength of the underlying concrete substrate obtained from the average of the three
core samples (77.7 MPa, 75.0 MPa and 74.9 MPa) was 75.9 MPa (standard deviation of 1.30 MPa), and

the estimated cracking strength of the concrete obtan@d8 MP{CSA-Group, 2019)

3.3.2CFRP coupons
Table 3.1 and Figure 3.5 present the experimentally determined material properties of the double
layered CFRP sheets. The manufacturer design properties for a single layer with a thickness value of
1.7 mm per layer are as follows: the tensile strength, modulus of elasticitycayatbn at break are

855 MPa, 49.6 GPa, and 1.7%, respectively

The discrepancy between the measured tensile strength of the CFRP cexpact®dfrom the
deconstructed bridge elements and the design values provided by the manufactbeattributetb

potential premature failure due to misalignment of test setup (grips). This angular deviation between
the coupon and tensile axis of the machine induces unintended transverse stresses. In additional, harsh
environmental conditiongxperienced by the structudhuring its service lifecould possibly bea
secondary contributing factohs discussedn Chapter, thepotential for micr@racksalongthefiber

direction, which were observed during tandition assessmemancontributeto reduced performance
characteristics. In addition, if the bond between the individuadils compromisedas a result of
exposure to humidityfreezethaw cycles, moisture @ubzero temperatuseuringinitial curing, then

a misalignment of fibrs canadversely affect the reported tensile strerigthddition to imperfection
accumulated over the installation procddswever,it is essentiato recognizethatthe performancef

the CFRPconcretéanterface whichis the primary focus of this comprehensive reseatepends more
significantly on the adhesive properties between the CFRP and the concrete than on the tensile strength

of the CFRP itself

Considering the extemif deteriorationn the 60-yearold concretefailures in bond tests, as described

in subsequent chapters, predominantly manifested as debonding rather than CFRP Thjgure
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indicates that the behaviour of the adhesive is critical, suggesting that the tensile strength of the CFRP
is not a significant factor in bond performance. In other words, the mechanism of load transfer observed
in the debonding process is largely deterdiby bond strength rather than the ultimate tensile strength

of the CFRP. Once the bond fails, the CFRP loses its efficacy, independent of its material properties.

It is also important to note that curreemgineeing design considerations are focused on bonding
conditions, knowing that a strong interface can mitigate the overall reliance on the tensile properties of
the CFRPBondslip models as will be discussed in Cha@eprioritize interfacial shear stress and
concrete properties over CFRP tensile strength.

Table 3.1-Doublelayer CFRP sheet properties-{ap

Coupon Coupon 2 Coupon 3 Coupon4 Average Standard
1 Values  Deviation
Tensile strength (MPa) 542.4 556.8 588.2 642.0 582.4 38.2
Elongation at break (%) 0.93 1.17 1.31 1.03 1.11 0.15
Modulus of elasticity 56.13 49.64 50.29 50.14 51.55 2.65
(GPa)
Length (mm) 300 300 300 300 300 -
Width (mm) 25.4 25.4 25.4 25.4 25.4 -
Thickness (mm) 3.68 3.56 3.39 3.29 3.48 0.15
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Figure 3.5-Stressstrain curves for unidirectionabupons
3.4Summary

This chapter presented the mechanical material properties of the different materials (eokCERP)
from the extracted bridge diaphragm. These material properties served as essential input parameters for

the calibration and validation of the finite element models of the experimental tests.

78



3.5References
ASTM. (2017). Standard Test Method Tensile Properties of Polymer Composite Mater/s®T M
D3039 West Conshohocken, PA: ASTM.
ASTM. (2021a). Standard Test Method for Compressive Strength of Cylindrical Concrete Specimens.
In ASTM C39West Conshohocken, PA.
CSA-Group. (2019). Canadian Highway Bridge Design Cod€ 3w S6:19

79



Chapter 4 - Condition assessment througimon-destructive and
semidestructive testing

4.1 Abstract

Externally bonded fibereinforced polymer (FRP) composites have been widely adopted for the
rehabilitation of aging bridge infrastructure in recent decades. The major reasons for the utilization of
these materials in bridge rehabilitation include strendpinability, lightweight nature, design flexibility,

and quick installation. However, deterioration of the bonded interface between the concrete substrate
and the FRB or between individual layers of a muliyer composit@ can significantly impact the
stiuctural performance of the strengthened member or system. Thus, it is necessary to evaluate the
effectiveness and accuracy of condition assessment techniques to ensure satisfactory performance over
the intended service life of the structure. This papeygmts a visual inspection and detailed assessment

of three fullsize diaphragms from the Champlain Bridge in Canada. The diaphragms were strengthened
with externally bonded CFRP sheets five years before the bridge was decommissioned as a result of
extensie degradation after 57 years in service. The condition assessment incluetksstoative
(acoustic tapping and infrared thermography) and sksiructive (direct pubff) testing to identify

surface and subsurface issues including CFRP delaminatiterjamhancompatibility, discoloration due

to corrosion, intefiber cracks, and fundamental problems arising from the construction of the bridge
diaphragms and installation of the CFRP. Results of 4900ffutests, comprising the largest single
databasef its kind todate, generally confirmed the results of rd@structive tests which aimed to

locate hidden defects behind the strengthening layers. Microscopy of failed surfaces provide additional

insights into the condition of the bond line in defectiggions.

1 A version of thichapter has begublishedas:Issa Fowai, Martin Noé&l, Beatriz MartPérez, Leandro Sanchez
(2024).Assessment of CFR#dncrete interface integrity of Original Champlain Bridge diaphragms through non
destructive and serdestructive testingJournal of Composites for Construction, Special collection CICE 2023
(invited paper,) https://doi.org/10.1061/JCCOF2.CCEMNGB98
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4.2 Practical Applications

Premature deterioration of bridges is one of the critical challenges faced by the engineering sector in
Canada. One such structure is the Original Champlain Bridge in Montreal, which exhibited signs of
significant damage to structural components includivggirders, deck, diaphragms, and foundation
elements. Following a series of extensive but ultimately unsuccessful rehabilitative measures, the
historic Champlain Bridge was eventually replaced at a cost to taxpayers of over $4 billion T®AD).
primary goal of this study is to investigate and understand the performance and integrity of the CFRP
strengthening technique applied to three diaphragms in the bridge through varialestrantive and

semtdestructive methods.

Even though CFRP are commonly used to strengthen bridges globally, comprehensive studies on their
long-term bond performance are lacking from the literature. This paper presents findings from an
assessment of the condition of the CFRP strengthening sysigm visual inspections and non
destructive testing (NDT), followed by sewhestructive direct tension pull off tests on one diaphragm.

The outcomes of this work will be beneficial in understanding the advantages and limitations of various

NDT techniquedor assessing damage in critical concrete members strengthenedRREh

4.3 Introduction

Bridges are highly complex transportation infrastructure that require proper maintenance and regular
inspections to prevent premature deterioration and unnecessary repairs, particularly in aggressive
environments. Even with strict construction and pripeidi, planned maintenance practices, bridges are
expected to experience tirgependent deterioration from various factors such as corrosion of internal
steel reinforcement, environmental conditions (multiple frebae cycles, humidity, and chemical
attacls), overloading, and design flaws. In Canada alone, the Canadian Infrastructure Report Card
(CIRC) estimated that the extrapolated replacement cost of bridges exhibiting signs of deterioration and
deficiencies was $37 billion in 201 frastructure, 2016)rhus, immediate rehabilitative interventions

are crucial to mitigate further deterioration and ensure the longevity of these structures.
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Traditional retrofitting schemes such as concrete section enlargement, externally bonded steel plates,
or external postensioning are often impractical due to the addedveeifiht or need for mechanical
anchorages that can compromise the integrity oftinerete substra{®baidat et al., 201 1xternally

bonded carbon fibarinforced polymer (CFRP) sheets are an attractive solution with proven durability
in harsh environmental conditions and have a negligible effect on member size or(Beigtdrti et

al., 2011, Fazli et al., 2018; Green et al., 2000; Hao et al., 2024; Karbhari & Ghosh, 2009; Mikami et
al., 2015) In addition, the retrofitting process can be completed with minimal or no disruptions to the
service flow (traffic). Many of these CFRP retrofitting works are undertaken to increase the shear and
flexural capacity of deteriorated bridge elemef@baidat et al., 2011)In these bondritical
applications, the efficiency of the rehabilitatorvhich depends on the proper transfer of stresses
between the CFRP composite material and the concrete subss@everned by the behavior of the
CFRRconcrete interface and theoperties of the concrete cov@arbhari & Ghosh, 2009 CFRP

sheets are typically installed using the wetlgytechnique, which is a manual and matiage process

with the inherent capability of introducing defects in the form of voids and pores at the various stages
of work. Additionally, while in servicethe externally bonded CFRP materials may also be exposed to
fluctuating moisture levels and harsh temperature cycles that can potentially reduce their durability and
degrade the CFREoncrete bond(Hao et al., 2024) Furthermore, in these externally bonded
applications, the ongoing deterioration of the underlying concrete and at the c@RBRfete interface

is hidden behind the CFRP layer, effectively masking any visual warning signs of potential structural

failure (Fowai et al., 2023b)

Most studies on the longrm durability of CFRP retrofits are conducted in laboratory settings with
smaltscale samples subjected to highly aggressive exposure conditions to achieve accelerated
deterioration, while field data on major structural elememniger the synergistic effect of fluctuating
environmental conditions and service loads are lin(Eexvai et al., 2022; Ghosh & Karbhari, 2011a;
Halabe et al., 2006; Harries & Sweriduk, 2016; Milev & Tatar, 2023; Tatar & Brenkus,. Sllarly,

most research studies investigating the damage assessment of internal defects have been conducted on
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sound concrete with artificial defects in the laborattByown & Hamilton Ill, 2003; Galietti et al.,

2007; Ghosh & Karbhari, 2011b; Halabe, 2013; Mac et al., 2020; Mtenga et al., 2001; Starnes et al.,
2003; Valluzzi et al., 2009a; Yumnam et al., 20Hdwever, actual field conditions, including pre
existing damage, presence of surface patch materials, and debonded regions of unknown size, location,
and depth add complexity to the detection capability of availabledestiuctive testing (NDT)
technigwes. Thus, comprehensive studies on the-kemngy performance of the CFRi®ncrete interface

in externally strengthened field structures are needed to ensure -#adting solution for aging

infrastructure.

Previous studies report that the presence of defects (surface and subsurface damage or voids) plays a
vital role in the overall durability performance of the bond between externally bonded FRP and concrete
in composite retrofitted concrete structu(Bsiyikoztirk et al., 2013; Cawley & Adams, 1989; Ghosh

et al., 2005; Kaiser & Karbhari, 2004; Kaiser et al., 2004; Malla et al., 2023; Milev & Tatar, 2023; Tatar

& Brenkus, 2021) Identifying and characterizing these defects and their potential effects on FRP
retrofitted concrete members was the subject of @lepth discussion provided Kghosh et al., 2005)

The study concluded that the classification of defects should be based on their location, size, and density
relative to the overall strengthening area. Defect criticality was assessed based on five classifications:
aesthetic, quality control critical ratctural performance, shetdérm durability, and longerm durability.

Small voids or surface discontinuities up to 6.4 mm were consideredanimus unless near edges.
Defects sized from 6.4 to 32 mm require fpvessure epoxy injection. Minor defectshwidiameter

between 32 and 152 mm should be cut and patched with the same type of FRP, extending at least 25
mm on all sides. Defects larger than 152 mm are critical to structural integrity and may necessitate
complete removal and reapplication of the enERP system. The authors also suggested that certain
defects, such as localized porosity, surface scratches, or single broken fibers have a negligible effect on
material properties. The research found that current field methodologies like visual orszeati

surface tapping are not sufficient for evaluating rehabilitation schemes. These methods should only be
used as initial inspections. Instead, they recommended utilizing alternative techniques like ultrasound,

thermography, and shearography as swetaigtions for future implementation and study. While the
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abovementioned techniques are valuable for assessing the bond between FRP and different substrates,
their field application is limited by environmental conditions, accessibility, and equipment mobility.
(Cawley & Adams, 1989fonducted a study on defect types and the various NDT techniques for
composites and bonded joints and concluded that ultrasonic methods are very sensitive to defect
detection in composites; however, the need for expensive probe systems limits ti{€@awksy &

Adams, 1989)

The condition assessment of retrofitted concrete bridges in most jurisdictions is relatively frequent
(biennial) and mainly involves visual inspection (including the review of available engineering
documents) and a range of NDT methods that may includedstvacoustic methods (hammer and
coin sounding) or higlguality equipment such as infrared thermographic cangeiabe et al., 2020)
Evaluation of the NDT data can provide significant insight into the location of the bridge distress and
allow for the estimation of the iplane dimensions (size and shape), orientation, and total debonded
area of identified defects. The continuous niity of the progression of these identified flaws can
indirectly reduce the probability of failure of critical bridge members by prompting timely additional
repair interventions. While these NDTs have proven useful in identifying defects, they eacls posses
inherent disadvantages which should be adequately unde(&@bogh et al., 2005)n the condition
assessment of muliayer compositestrengthened elements, for instance, determining the actual
location/depth of the weak interface within the different layers is still a limitation foreffesttive

NDT techniques.

Several researchers have adopted the-destructive putoff test method to evaluate the bond quality
between externally bonded composites and concrete under ambient temperature in the laboratory
following accelerated aging tests or in field settiriglen & Atadero, 2012; Banthia et al., 2010;
Benzarti et al., 2011; Harries & Sweriduk, 2016; Milev & Tatar, 2023; Pallempati et al.,. 2058},

the test has been extensively adopted for quality control as standardized in ASTM (B%922,

2021b) Two primary outputs are generated from the test: the tensile bond capacity and failure mode.

The failure modes, which are fully described in ASTM D7%23TM, 2021b) can be an adhesive
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failure (at the interface), cohesive (within an individual material), or a combination of both (mixed
mode). A cohesive failure in the concrete indicates that the bond between the FRP and the concrete
substrate is stronger than the tensile capacity ofdnerete. However, the acceptable bond strength

for current design provisions is quite low, ranging from 1.38 MRAEI, 2023a)to 1.5 MPa(CSA-

Group, 2019) Even though the test method is an easily repeatable means of quantifying the bond
between the FRP and concrete, available literature discussing the use and reliability ofdffeqsill

for the assessment of-gervice structures is relatively scarbemost studies, the small number of test
samples makes it difficult to confirm the extent and variation of deterioration in the retrofitted member.
Furthermore, in some of these studies, the strength of the underlying concrete that ideally controls
failure is not provided, and the mode of failure and the number of samples were not specified, which

makes the interpretation of results challenging.

Based on an assessment of available literature, it is evident that previous research has not thoroughly
investigated the variability of fieldpplied CFRFRconcrete bond strength in service using a large
number of puloff test results, nor correlated thessults with NDT methods, visual inspection, and
forensic analysis. Data is particularly scarce pertaining to the field performance of repairs applied to
large structural members from aging concrete structures, and a detailed comparison of different NDT
methods is absent from the literature. This research aims to bridge the gap by providing a comprehensive
condition assessment of three deteriorated diaphragms from a Canadian bridge that underwent external
strengthening with CFRP five years before the l#igdgas decommissioned as a result of extensive
degradation following 57 years in service. The assessment includes visual inspection, tap testing
(acoustic sounding), infrared thermography, and the testing of 49@fpbecimend the largest

single databaes of its kind tedatéd to assess the integrity and performance of the C&drRrete
interface. Microanalysis was subsequently performed to gain extensive insights into the condition of

the bond line between the concrete and CFRP, as well as between iperayiers of CFRP sheets.
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4.4 Materials and experimental methods

This study includes a detailed visual inspection and NDT assessment of thisieefudketeriorated
bridge diaphragms, followed by pudff testing on one of the three diaphragms to validate NDT findings

both in bond strength and shift in failure modesyal as microanalysis of pubff samples.

4.4.10verview of the bridge, environmental exposure, and material details
Section 1.3 provides a detailed overview of the original Champlain bridge, its environment, and the
rationale for CFRP retrofittingrhe diaphragms under consideration were strengthened in the winter of
2014 (5 years before the decommissioning of the bridge). It is worth noting that cold winter
temperatures are not optimal for proper curing of epoxy rebigsire 4.1 shows the strengthening

layout of the three diaphragms; each diaphragm was-streaigthened with six doublayer vertical

882mm

2900mm

—

L—2950mm—J

Diaphragm flipped upside down

Figure 4.1-As-is geometrical dimensions of diaphragms a) Tendon spacing side view b) Plan view

86



CFRP strips (in a Wvrap configuration) with a width of approximately 305 mm and spaces between
each strip ranging from 135 mm to 150 mm. Additionally, two doldler horizontal strips were
installed as anchorages at the bottom (a few millimetres frersdfiit) and the top of the diaphragms

to prevent premature debonding of the verticavtdps. CFRP coupons were extracted for material

testing; the thickness of the coupons (two layers) ranged from 3.2 mm to 3.5 mm.

4.4.2Non-destructive testing methods and equipment
Visual inspection was the first step in the condition assessment for each element. The visual inspection
aimed at verifying the ais geometrical dimensions and reinforcement locations, as well as identifying
external signs of deterioration. All surfacdseach diaphragm were thoroughly examined to identify
size, shape, and texture of surface anomalies. TworbGdiameter holes were drilled approximately
750 mm from the soffit of the diaphragms in the concrete strip to facilitate lifting and flipping 4f th
ton concrete diaphragms by an overhead cr&ngufe 4.1). Following the visual inspection, a
conventional coin tapping approach was used to locate subsurface anomalies. The procedure involved

using a coin to impact the surface of the CFRP wraps on the diaphifaigone4.2).

RN

= 25 Digital tap hammer

Based on the local stiffness of the tapped area, debonded regions were identified and the estimated area
of delamination on the CFRP strips for a given surface was recorded and sketched. Under controlled

conditions in the laboratory, the surface of eadp sff CFRP was completely coin tapped a minimum
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of four times per strip. A time consuming but reliable step which involved tapping on and between
individual stitches of fibers on the strips was adopted. This approach proved to be an efficient method
for pin-pointing smaller defects. The coin tappinghteique was also used to locate delamination in the

concrete, especially at critical locations such as the diaphgagier joints.

Infrared thermography was then performed on all three diaphragms using a FLIR high resolution
T650sc handheld infrared camera and four 1500 W external heaters connected in series on a wooden
frame. The infrared technique exploits the thermal patternseshbit the various materials to detect
defects. Uniform heating was maintained at a distance of 1 m by positioning the wooden frame along
the length of each individual CFRP strip and later moving the frame across the length of the diaphragms
to capture thentire surface area. The heating durations of the strips were set to 30 s, 60 s and 120 s.
Radiometric images of temperature values were captured as soon as the heaters wéftecci@ane
substantial distance above the strip or totally removed fromuttfigce of the diaphragnThe heating

method used in infrared thermography, whether external heaters, heating blankets, or passive (ambient)
heating directly affects the accuracy and sensitivity of defect detection through thermal contrast. Active
heating nethods, such as heaters or blankets, offer better control and improved sensitivity. On the other
hand, passive heating is simpler but less reliable for detecting €léattiery or electrically powered

mat or blankets placed directly on the surface provide flexibility, but the heating elements/coils must
be spaced closely enough to ensure uniform hedtimgworth pointing out that prior to performing

the heating technique mentioned above, previous efforts to use heating blankets or passive heating whil

the components were stored outdoors presented several challenges and did not produce reliable results.

Finally, an automated Wichitech digital tap hammer showkignre4.2 was used to cross validate the
results from the coin tap testing and the infrared thermography. The tapping apparatus consists of a
calibrated handheld hammer. This laast instrumented hammer measures the duration of the hammer
impact pulse in microsecds and displays it on a screen. The displayed value is influenced by the
hardness of the tapped area. To identify defects, first a dledecharea is tapped to establish a baseline

and any subsequent tap value exceeding the baseline value by more thameldd¥tled as a defective
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area. The principle and general operational procedure for the digital tap hammer developed by Boeing

can be found in available literatuf@eorgeson et al., 1996; Halabe et al., 2020)

Lastly, computerized tomography scanning was performed on selected cylindrical samples obtained
from the pulloff testing described in the following section. A higgsolution Phoenix nano CT scanner
equipped with a DXR250 digital detector and a 130 k\trdy source was used for this té@3tlonardo

et al., 2020; Lunardelli et al., 2022; Pejryd et al., 2014; Qiu, 2020; Zhuang et al., 38&®)les were
securely fixed in themachine,and the area of interest was centred within the scanning field. The
parameters used during the scanning process are presentdudn.1.

Table 4.1-Scanning parameters used for Mi€€d scanning

X-ray voltage X-ray current Exposure time Voxel size No. of Images

130, 200° © 333" i 30° & 1200

4.4.3Pull-off test method and equipment
To study the effect of the identified defects on the bond quality between the composite and the concrete
substrate, the direct tension paff test was conducted. 490 pwlif samples from a single surface of
one of the diaphragms were extracted to védidiae NDT findings both in terms of strength and failure
surface as per ASTM D752ASTM, 2021b) 391 tests were conducted on the CFREngthened
areas of the diaphragms, referred to as the CieRted samples, while 99 tests were conducted between
the CFRP strips which are referred to as the concrete strip samples. The latter group does eot includ
the possibility of adhesive failures and is intended only to increase the sample size of the concrete
cohesive failures for statistical analysis. The difference between the means of each group was analysed

using the analysis of variance (ANOVA) method.

In this study, the pulbff samples were drilled using both the wet and dry/hot scoring approaches using
a diamond drill. The wet drilling method involves the utilization of water to reduce heat generation at
the composite interfaces throughout the dujliprocess, whereas dry/hot drilling was performed

without water cooling. A wooden plate with a-Bn diameter hole was used to constrain the drill from
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sliding during the coring process. All the bonded surfaces (CFRP and loading disc) were first abrasively
cleaned with mediungrit sandpaper. Thereafter, compressed air was used to free the surfaces of all
dust, laitance, and foreign inhibitors, and acetwas later applied to clean the surface of any further
impurities before the discs were bonded to the specimens. Specific details regarding sample preparation,
loading rate, and data analysis can be found in ASTM DTA32ZM, 2021b) A schematic of the test

setup is shown ifigure4.3.

To conduct the direct tension puwlif test, a puloff tester, a loading fixture, and an epoxy adhesive are
utilized. The loading fixture is securely attached to the isolated test sample using epoxy paste, and a
threaded bolt is used to connect the logdiisc and the pulff tester. Following the guidelines from

ASTM D7522 (ASTM, 2021b), the pultoff test was performed at a controlled rate of 1 MPa/min until

the dolly (loading fixture) separated from the sample, carrying a portion of either the FRP or concrete.
To ensure pure tension on the bonded area, thefiuéster was maintaiieperpendicular to the test
surface throughout the testing process. In this study, the Proc&pbYevice was employed, which

automatically records the peak load and calculates the bond strEmgtred.3).

L g

Gradual tensile load applied by pull-off tester

Metallic loading fixture

CFRP-loading fixture Adhesive CFRP sheet/plate

CFRP-concrete Adhesive

Adhesive Adhesive

Concrete Substrat

TTZIIR 2

VS TN A DR AR TR

Failure mode A to E and mode G Failure mode F

Figure 4.3-Pull-off testing set up a) Loading direction b) Poff testing apparatus c) FR®ncrete
bond failure modes under puff test (ASTM 2021)
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4.4.4Material testing
Three concrete cores were extracted from the diaphragms and tested in compression in accordance with
ASTM C39 (ASTM, 2021a) The compressive strength of the underlying concrete substrate obtained
from the average of three core samples (77.7 MPa, 75.0 MPa and 74.9 MPa) with an average diameter
of 95 mm and height of 200 mm was 75.9 MPa (standard deviation of 1.30 MPa) amstintateel

cracking strength of the concrete obtained from Equatibms 3.48 MP4CSA-Group, 2019)

0 @ 0 Equation 41

To evaluate the mechanical properties of the CFRP material, a total of 36 coupon samples were
extracted from one of the diaphragragghteen coupons were tested following ASTM D308STM,

2017)to determine the tensile properties of the composite materials, four of which exhibited desirable
failure modes and were used to determine the material propértiese samples were carefully
extracted using an angular grinder, mallet, and concrete chisels, taking care not to damage the CFRP
itself. Extracted samples were cut into coupons of3@0 length by approximately 25mm width.

Before testing, 6nm thick aliminium tabs with bevel ends were designed, ground, and bonded to the

coupons for even distribution of stress and minimizing stress concentrations over the grip region.

An electrical resistance strain gauge was installed at mid height on one side of the samples (flat surface
obtained after grinding of bond line) while the other surface was speckled for digital image correlation.
A universal testing machine operating angh/min was used to complete the coupon t8sible4.2

presents the experimentally determined material properties of the double layered CFRP sheets. The
manufacturer design properties for a single layer with thickness value of 1.7 mm per layer are as follows:
the tensile strength, modulus of elasticity ammhghtion at break are 855 MPa, 49.6 GPa, and 1.7%,

respectively.
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Table 4.2-Doublelayer CFRP sheet properties-{as

Coupon Coupon Coupon Coupon Average Standard

1 2 3 4 Values Deviation
Tensile strength  542.4 556.8 588.2 642.0 582.4 38.2
(MPa)
Elongation at break  0.93 1.17 1.31 1.03 1.11 0.15
(%)
Modulus of 56.13 49.64 50.29 50.14 51.55 2.65
elasticity (GPa)
Length (mm) 300 300 300 300 300 -
Width (mm) 25.4 25.4 25.4 25.4 25.4 -

Thickness (mm) 3.68 3.56 3.39 3.29 3.48 0.15

4.5 Results and discussion

The NDT technigues used were effective in identifying anomalies in the CFRP composite materials and
concrete substrates of the diaphragms. Although similar types of defects were observed across all
diaphragms, the severity of these flaws varied. The timeittation of the damage in the composite
materials during the structureds service |life re

identified problems.

4.5.1Visual Inspection
In bonded repairs using FRP composites, the interface between materials is prone to cracking or
separation due to factors like thermal incompatibility or relative movement of strengthened components
due to discontinuity at joints. One of the main issuesenked during the visual inspection in this
research was the borsgparation issues between the underlying concrete substrate and the patch mortar
that was used to repair the concrete surface prior to bonding the CFRP kigaps4.4). This damage
might have occurred due to inadequate mechanical interlocking (surface roughening) between the patch
mortar and concrete substrate during installation and curing resulting in complete separation between

the two materials.
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Figure 4.4-Interfacial delamination at mortaoncrete interface and CFR®Ncrete |tfae
Separation at mortaroncrete interface b) Delamination at CFBIhcrete interface

Variation in thermal expansivity may also lead to differential movement between the repaired area and
the surrounding concret&o prevent separation of the mortar from the deteriorated concrete substrate,
several best practices should have been implememntete includéocusing on surface preparation

and profiling toimprove mechanicabdhesionapplication of appropriate bondiragent between the
mortar and concrete, selecting mortar mixes that are compatible with the aged concrete in terms of
thermal expansion, mechanical properties and chemical compositinimitnize interfacial stresss,

and proper curing to prevent premature drying, shrinkage andfaitune.

Additionally, severe cracks were observed in areas where multiple patch materials were used in the
same location. The incompatibility between materials compromises stress transfer and exacerbates
damage progression during normal service loading and envénotial changes. Thus, to reduce the

risk of debonding and potential cracking that could compromise the structural integrity, it is crucial that
patch mortar, underlying concrete, and FRP material deform as a composite system. Interfacial
separation betweethe various materials was also observed at the corCFéR® interface through the
sawcut edges of the diaphragms showrFigure4.4. These separations can lead to reduced- load
carrying capacity and limit the effectiveness of the CFRP strengthening, as well as increase

vulnerability to degradation from moisture ingress, and chemical exposure.

Multiple cracks aligned parallel to the fibers in themtApped sheets and anchorage strips were also

observed in these bridge sampleg(ire4.5). These cracks were positioned near the cold joint between
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the diaphragm and girder, where uneven stress distribution is probable due to variation in member
stiffness. These parallel cracks in the CFRP indicate a loss of load transfer between the fibers and the
saturating matrixAlthough these cracks are unlikely to affect the immediate-¢@aying capacityf

the strengthened diaphragmxposure of the CFRP to moisture infiltration, chemical attack, and
environmental degradatiaouldreduce the longerm durability of the repair workeremature cracking

in the fibers may also result from poor workmanship during installation, such as curing the CFRP at
low winter temperature, which can make the matrix more brittle. If the bond between individual fibers

is compromised due to inadequaibef saturation, exposure to freeze thaw cycles and subzero
temperatures can cause fiber misalignmenis firfisalignment can facilitate crack propagation with the

CFRP strip under service loads, further undermining the bond integrity over time.

e

Figure 4.5-In-service cracks runing parIIeI to fiber direction a) Parallel cracks in CFRP sheet b)
Crack running in the fiber direction near the cold joint

In the concrete, severe cracks were observed at the joint between the diaphragms and the girder which
may have been initiated by the corrosion of the reinforcing tendons. These cracks, along with minor
horizontal cracks branching from them, may have couated to the interfacial debonding at the CFRP
concrete interface{gure4.6). Several cracks on the sides of the diaphragms (gilidphragm joints)

were picked up by the Al crack detection software used for the crack inspétggared.6); however,

the software did not detect any cracks on the concrete gaps between the CFRP stripshéldhand
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magnifying glass also did not identify clear signs of damage in the concrete/mortar regions between the

strips.

Figure 4.6-Severe cracks at diaphraggirder joints a) 1.8n long crack at the cold joint b) Spalled
concrete and cracks detected by the INSPECT Al software

During the inspection of the fuicale diaphragms, random dispersion of air voids was visible at the
CFRRconcrete interface, within cured fibers, and between layers of strips. Although most of these
defects were minor issues that could have been avdigkéay the installation process, the presence of
multiple overlapping layers of strips increased the risk of void formation because additional adhesive
materials are required to fill the gaps between each layer. The accumulation of these minor flaws can
lead to the formation of larger voids within the compaosite material, potentially disrupting the transfer

of stresses between the layers of CFRP strips or between the strips and the underlying concrete substrate.
Additionally, these voids can trap substanttest could be detrimental to the lotgym durability of

the epoxy adhesive used.

It is important to minimize the issue of void formation to ensure proper performance and longevity of
the bond between the repair materials. Short anchorage strips, approximately 650 mm in length, were

observed near the di apiguretd. While noscerfaih,iit is,possibke thate pi ct
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these shorter anchorage strips were utilized during the installation to address debonding problems on

the main anchorage strips.

The inspection also uncovered potential construction errors that can hasten deterioration in critical
structural components. The random arrangement of internal steel reinforcement, ag-fpane 438,
revealed instances of overlapping bars or insufficient concrete cover. Consequently, corrosion in one
reinforcing bar will inevitably spread to nearby reinforcements. Moreover, when reinforcement is
placed too close to the surface without concrete caweccelerates corrosion, resulting in surface

cracking that compromises the integrity of the CHi®Rcrete system.

Figure 4.8-Random placement of rebars without sufficient spacing or concrete cover a) side A of
diaphragm #3 b) side B of diaphragm #3

During the retrofitting of these bridge diaphragms, the potential issue of loose fibers being pulled out
from the free edges of the strips during resin infiltration was effectively addressed. This careful
installation procedure was observed across all C&Rps on the three diaphragms. However, use of
excessive epoxy led to the formation of hard bubbles on multiple vertical shear strips at the chamfered
corners of all the diaphragms. Though these defects may appear as harmless aesthetic imperfections,
they typically result from the excessive use of primers, potentially causing inadequate stress transfer

between the composite and the concrete.
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While visual inspections are relatively inexpensive, the subjective nature of the approach remains a
major disadvantage. Limitations of the human eye, obstructed access, and lapses in judgement means
that flaws may remain unnoticed after the inspectiors Ehfurther complicated in FRftrengthened
members where signs of debonding may not be visibly detectable from the surface.

4.5.2 Acoustic Sounding and Infrared Thermography
The total delaminated area estimated from the coin tapping method shows that 2.8 percent of the total
bonded area of Diaphragm Il (D5 Kigure 1.4) experienced delamination, the highest proportion
among the examined surfac&sgure4.9). This is nearly twice the total delaminated area identified by
coin tapping on each surface of Diaphragm I. It is not clear from the reports obtained from the bridge
management corporation which direction this surface of the diaphragm was facing ahdr et
direction had any impact on this delamination prior to curing of the CFRP. The opposite surface of
Diaphragm I, however, had the minimum delaminated area identified by coin tapping of 0.8 percent.
The estimation of the percentage of defective asethe coin tapping method on the bonded CFRP
regions indicated that only a small fraction of the total bonded area in all three diaphragms was detached

from the concrete substrate, suggesting that the majority of the bonded area was in good condition.

The coin tapping NDT results also revealed debonded regions ranging in size fran&i506 26,000

G & . These defective areas are categorized as small to large defects according ACKRD17)
guidelines. Following AC(ACI, 2017) acceptance guidelines for wet layup systems, delaminations
smaller than 1,306 & are considered allowable as long as the ddfeetareas account for over 95
percent of the strengthened region and there are no more than 10 such delaminations per square meter.
Delamination less than 16,0600 may be treated with epoxy injection or ply replacement depending

on their size, distribution and location. For large delaminations exceeding X6 000 selective

cutting and installation of overlapping sheets should be considered. In accordance WACARD17)
acceptable guidelines, 62 percent of all defects identified by coin tapping are categorized as medium

defects, exhibiting sizes within the range of 130@ to 160004 & (Figure4.9b). Five defects were
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classified as Al argeo; however, selective cuttin

was not implemented on the diaphragms while in service.

Figure 4.9-Comparison of defects detected by the coin tapping and additional debonds detected by
infrared NDT method a) Percentage of debonds detected b) Defect occurrence from coin tapping and
infrared thermography

The initial passive infrared thermography inspection conducted on all three diaphragms at an outdoor
storage site in Ottawa during the winter did not reveal any defects, likely due to the low ambient
temperature. However, subsequent use of infrared theaplog in the laboratory was able to detect
additional problems that went unnoticed by the conventional coin tapping in the lab $egiing4.9).

The additional defects detected by infrared thermography corresponded to 0.5% to 4.1% of the total
CFRP surface area of each diaphragm surface. Interestingly, the infrared camera detected few additional
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