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ABSTRACT

Fiber reinforcedpolymer (FRP) is a composite material made of fibers that carry tensile
loads embedded in a polymeric matrix. Externally bonded FRP retrofits of reinfoncectten
elements provide an efficient, economical, and accepted method of mitigating deficiencies related
to seismic and blastads as well as addressing corrosimiated issues-RPs retrofits are widely
regarded as cost effectias the cost associatedth retrofit installation and facility dowtime
are usually less than similar retrofit systems. Besides issues of bond and anchorage between the
FRP and the substrate, the main disadvantage of FRP materials is that they behave in a brittle,
linear elast manner As a result, strengthening concrete structures with FRP may introduce new
and undesirable behaviors that are mitigdtgdiesign codes through strgttainlimits. Because
FRP is designed for very low strain levels to prevent brittle ruptudteiapredictable debonding,
buildings and bridges are strengthened in such a way that restricts their energy dissipation capacity
at the ultimate limit statel'his runs counter to the structural design philosophy of new buildings

where the design objectiveto develop significant plastic deformation to dissipate energy.

An ideal composite material for infrastructure strengthening is one that combines the ease
of application of FRP rehabilitation systems with the ability of ductile metals to yield under
relatively large strains to provide energy dissipation and ensuriéechgtiavior Known as a fiber
metal laminate (FML),lte aerospace industry has successfully develagedpositeconsisting
of thin metal sheets alternatively bonded to epoxy saturated fiber thbtics widely usedto
construciaircraftfuselages and wirsgUnlike FRP,FML compositegpossess a @li-defined yield
point and exhibit inelastic behaviddiowever, aerspace grade FML composites cannot directly
be applied to building and bridges because they: (i) were developed festress fatigue
resistance rather than performance near ultimate stress; (ii) are precisely manufactured to
unnecessarily tight tolerancdsy civil construction standards; and (iii) are not economical
compared with current FRP strengthening techniques. Therefore, developing a multifunctional
civil engineering composite material based on FML theory would unlock opportunities related to

plastc design, energy dissipation, and other mechanisms not currently possible with FRP.



This dissertation presents a comprehensive study on thHeMisgackets toenhance the
strength and ductility o€oncrete cylindetsThe confinement effect and failure maaksms of
FML confined concrete were analyzked a range of experimental parameters, includnegffect
of the number of layers, the fiber orientation, and fabric architecture of the FML jatkets
experimental program was divided iteo phasesThefirst phase consisted afseries of uniaxial
tension coupon tests tovestigate how the stacking arrangemeinvarious Eglass fabrics and
aluminum sheetsould be tuned to controhe yield strength, posfield stiffness, and ductility
characterists ofthe FML layups.Mechanical rougénng of aluminum sheets and the addition
of a bond enhancement agémthe resin system was found to enhance the interlayer bonding and
splice capacity of metal and fiber layeFse resultglemonstrated that FMLoapons with t v J
glass fabrics exhibited pseudtasticplastic stresstrain response, while coupons with Jand
1 Jw 11 Jabrics exhibited strain hardening after yielding of aluminum layers. Furtherthere,
ratio of therelative contribution ofcompositelayers to the total elastistiffness of the FML
composites was found to be a good indicator of the mechanical propertsspedf the uniaxial
stressstrain response of tHeML lay-ups. An analytical model based on the Rule of Mixtures
(ROM) was usedb predict the tensile behavior of the FML coupons.

The second phase consdbf axial compression testing of concrete cylinders confined by
FML jacketsto investigate the influence of various day schemes on the strength and ductility
of the confinedconcrete Cylinders jacketed with FML showed a significant increase inr the
strength and ductilityThe degree o$trainsoftening response, maximum siggh, peak strain,
ultimate deformation, and energy dissipation capaafithe FML confined concrete was found to
be controlled by thpseudeductile stresstrain response of tHeML jackets FML lay-ups which
exhibited strain hardeningniaxialbehaviortended to produce greater enhancemsémiconfined
concrete strengthnd steeper strain softening response than FMupeywhich exhibited pseudo
elastieplastic uniaxial behaviorFurthermore, FML confined concrete showed improved
performance, compareid FRP confined concret@& terms of confined concrete behavior and
failure mode.Finally, the project also demonstrated thatimusitu, hand layup preparation
procedure foFML jacketsprovidel a level of performance and construction tolerance suitable for
use in civil infrastructure applicationslthough he results of this studgncourage theseof FML
as aviable substituteto FRP for retrofitting deficient concrete memberdurther reseatrc is

recommended on larggeale columns to verify the feasibility of this innovative retrofit technique.
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Glass fiber fabds infused with epoxy resican bewrapped around concrete cylinders to
create a form of confinement jackbéat enhances the strength and ductility of the concféie
curedfiber reinforced polymer (FRRJompositewill resistthe lateral expansion afie cylinder
when it issubject to axial compressiomhe resistance actiomorks in the form ofan external
confiningpressuraleveloped by jacket and appliedth@ surface of the cylindeFheincrease in
confinement pressure oportional to thdateral expansiownf the cylinder which creates hpo
strains in the jacket materialhe FRP jacket will rupture suddenly whtre jacket reaches its
ultimate straincapacity, causingthe confined cylindetto fail in an explosive ranner FRP
compositesare often used torepair and strengtlen structuressuffering from performance
deficiencies However, the brittle mode of failureof FRP is undesirablebecause itan occur
suddenly anavithout warning An ideal composite for infrastructure strengthening applications is
one that combines the ease of application of FRP rehabilitation systems with the ability of ductile

metals to yield under large strains to provide energy dissipation and ensure dinctiteob

The objective of this research was to investigate the strength and ductility of concrete
cylinders confined byfiber metal laminates (FML), a composite material consisting of thin
aluminum sheets alternatively bonded to faya glass fiber fabricg\xial compression testing of
concrete cylinders confined by FML jacketas performedo investigate the influence wérious
FML lay-up schemes on the strength and ductility of the confined cylinders. Concrete cylinders
jacketedwith FML showed a significant increase in strength and ductility. FMEulas which
exhibited strain hardening uniaxial behavior tended to produce greater enhancements in confined
concrete strength and steeper strain softening response than Fifislagich exhibited pseudo
elastieplastic uniaxial behavior. Furthermore, FML confined concrete showed improved
performance, compared to FRP confined concrete, in terms of confined concrete behavior and
failure mode. Although the results of this study encouthgeise of FML as a viable substitute to
FRP for retrofitting deficient concrete members, further research is recommended estédege
columns to verify the feasibility of this innovative retrofit technique.
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1 Introduction

1.1 Background and Motivation

Fiber Reinforced Polymer (FRP) iscamposite material made &@bers embedded in a
polymer matrix.FRP is widely usedn applicationsrequiring alightweight, high strengthand
corrosionresistant structural materiakich agepair and retrofit ofivil engineeringnfrastructure
(Moy 2013, naval construction includg ship componest offshore oil and gas structgre
renewable energynderwaterepair (Rubino et al. 2020aerospacepplicationssuch aswing
andbody panels (Hoa 2017), and automobile parts such as seat structure, doors, dashboard, front
end, spare tire holders (Friedrich and Almajid 2013; Gao et al. 2020)h&RBeen extensively
applied in the civil engineering industry to rehabilitate functiodeficiencies, strengthen
structures to enhance their existing design performance, and retrofit components damaged during
operation or after natural or mamade hazarddn civil infrastructure applications:RPs are
applied to the exterior surface of steuctural membeigy taking advantage of th@lymer matrix
component to serve as the bonding ag@rdtate of strain compatibility is achievedtween the
FRP laminate and the structural member through composite #wibincreases the loadrrying
capacityof the asbuilt member Somecommon applicationgFigure1.1 andFigure1.2) of FRP
to civil construction includéncreasing shear and flexure capacity of bridgeks (Arnold 2014;

Uddin et al. 2013), strengthening beanlumn joints (Del Vecchio et al. 2016), increasing
overturning and shear capacity of shear walls (Witt 2016), strengthening tubular structures (i.e.,
silo, chimney, pipeline, tank) (Arnold 2010), amdreasing load bearing capacity of reinforced
concrete (RC) columns by providing confinement etc. (Arnold 2010; Arnold 2014). The size of
the US composites industry is expected to grow to $24.4 billion in 2028, up fram i$13018
(GrandView-Research @21)

Fiber reinforced polymers can be formed by both discontinuous and continuous fibers;
however, the scope of this discussiotingted to continuous fiber reinforced polymer which is
primarily used in civil infrastructure applications (Campbell 2010; Hyer White 2009; Daniel
2006; Clyne 2019). The embedded fiber=RP are the main load carrying elements with the
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polymer matrix acting as the binder of the fibers and as a load transfer agent. As illustrated in
Figure 1.3, FRP materials exhiblinear stressstrain behavior until failure of the fibers through
rupture, without any yielding or plastic behavior common to metal construction materials.
Commontypes of FRP used commercially for structural strengthening and retrofit applications
include carborbased fibers (CFRP), glabased fibers (GFRPandaramid fibers (AFRP) each
embedded in a thermoset resin matrix. Thermosets are usually-Eativeystem giving it the
advantage of convenient-@ite preparation. Unlike thermoplastics, thermosets also do not require
application oklevated temperatueed pressure which is of great convenience for the construction
industrywhere composites are appliedsitu. The selection of reinforcement fibers depends on a
number of criteria such as mechanical characteristics of the fibers, wleiggity of the fiber
fabrics, and additional design requirements. In high strength demand applications, CFRP is used
because of its high stiffness properties. GFRP has lower stiffness value compared to CFRP, but its
deformation capability is significantly higher than CFRP. #\xh, GFRP igpreferred for
deformationcontrolled applicationd-or example, flexure strengthening of bridge girders, strength
enhancements of industrial silos, or confinement of commercial building columns would require
heavy to standard weight and higfhength plies such as CFRP as opposed to GFRP. Carbon fibers
are alsqgoreferred for applications where high resistance to creep rupture and fatigue are desired
(ACI 2017). However, aramid and glass fibers are preferable to carbon fiber in the blagpacid i

critical applications for their high impact tolerance behavior (ACI 2017).

(b)
Figure 1.1: Installation of Carbon Fiber Reinforced Polymer (CFRP) on (a) parking garage
beams, (b) an industriallo (Alkhrdaji 2015).
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Strength enhancement of concret Concrete spalling repair using CFRP jacketing foshear

columns using CFRP in Zigong city CFRP jacket in San Francisco, US strengthening of concrete
China (Shanghai Horse Co. Ltd.)  (Simpson Strondie Company, columns in Argentina (Simpson
Inc.) StrongTie Company, Inc.)

Figure 1.2: Application of FRP for strengthening and repziicolumns

o' -~ ,
E Aluminum :
GAL . : . |Fiber/Metal
Y : i |_Laminate
FML i i
Oy [r===fmy, , i
E Fiber reinforced E
i epoxy :
€y gt €

Figure 1.3: Schematic illustration of stress¢rain curves for fiber metal laminate (FML),
FRP, and=RP (Moussavilorshizi et al. 2010)
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AlthoughFRP is widely used for strengthening and repair of civil infrastrucitisrénear
elasic stressstrain responsand behavior with respect tsurfacebonding critical reinforced
concrete membepresenseverahegativeraitsthatcan becritical for its design implementation.
The structural engineer mustnsiderthe following disadvantageous performance considerations

while designingor FRP forstructural retrofitting/strengthening

(1) FRP flexual retrofitting can increase the yield and pgstld strength of a membén
bending however, these enhancements came&at the expense of a significant reduction
in ductility (Guan 2012; Joh 2003; Ritchie et al. 1991; Takahashi 2003). Although increases
in overall flexural strength due to retrofitting from 10 to 160 percent have been reported in
the literature (CampbeR010; Hyer and White 2009; Daniel 2006; Clyne 2019), ACI
4402R1 7, 6 Guide for the Design and Construct
Strengthening Concr eé¢neour&gesrFRR utilizatiendod stréngtiC | 20
increases up to 40 perd¢eaasGeasonabl@for most design applicatiorie allow for ductile
deformation before failure

(2) Externally bonded FRP can prematurely separate from the concrete substrate before
achieving its full tensile capacity, a con
2020). Bond failures can occur in the form of separation of concrete cover fromgie te
reinforcement, interfacial debonding of FRP laminate from the concrete substrate, and
debonding generated from flexure or shear crack (Malek et al. 1998; Sha and Davidson
2020; Smith and Teng 2001). Interfacial stress concentrations can resulbidiohgpat
the end regions of the FRP laminate very early in the loading phase (Malek et al. 1998; Sha
and Davidson 2020; Smith and Teng 2001). The riskebbnding=RP from the concrete
structure often necessitates tise of supplemental mechanical anelgeto enhance bond
characteristics.

(3) A number of anchorage systems have been demonstrated to effectively prevent or delay
debonding of external FRBheetsfrom the concrete substrate, including conventional
metals screws with transfer plates, F&khors, and t$haped FRP jackets (Grelle and
Sneed 2013; Ozbakkaloglu et al. 2017; Wang et al. 2020). However, there is a general lack
of consensus regarding the performances of different systems and service providers usually
do not publish information othe design and performance of their anchorage devices
(Grelle and Sneed 2013; Ozbakkaloglu et al. 2017; Wang et al. .2028)jgn
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recommendationgor anchorage devices are presented only in a few of the published
studies (Grelle and Sneed 2013; Wang .€2@20). Consequentially, ACI 440.2F (ACI

2017) requiresphysical representative testing for performance evaluation of anchorage
system of externally bonded FRP as there is no guideline available yet. At present FRP
anchorages in practice are applicatiased and sometimes utilized a measure of
redundancy{Grelle and Sneed 2013).

(4) Seismic desigrprinciplesencourageenergy dissipation through inelastic deformation for
performance limtsbeyond the AFully Operational o |
philosophy of constraining the force demand and allowing for limited levels of structural
damage from yielding of some components (Julian et al. 2014) is difficult to achieve in
structures that have been retrofitted with FRP. Many studies have #hetWwRP retrofits
increase thdoad bearingcapacity of the structural members in flexure action while
reducing the ductile deformation capacity to varyohegrees (Guan 2012; Joh 2003;
Ritchie et al. 1991; Takahashi 200B) fact,it has been observed in amber of test¢hat
simultaneougnhancement of stiffness addectility of reinforced concrete beams can be
very difficult by using FRP retrofitting techniques (Joh 2003)

(5) FRPstrengthening scheme can be applied for the purpose of blast and protectjmeoflesi
structures (EUROCOMP 2005), however it can also negatively affect the blast
performance of the structure by eliminating energy dissipation mechanisms such as
concrete crushing and pegeld deformation of steel. CFRP retrofitted concrete panels
subjected to simulated blast loading have been observed to exhibit fully elastic behavior
prior to failure (Jackson et al. 2022). Faildree to moment reversalinder dynamic loads
is an important limit statéhat is a byproduct of FRP strengtheninthe FRPlayers will
store elastic strain energy during tilounddisplacemenphase. This strain energy is
released as kinetic energy during the rebgpimakse and causes the retrofitted member to
Osnhbaapc k& and experi ence srmapback camrbecaaktrophit if mo me |

the structure is not designed for moment reversal (Jacques 2011)

An ideal composite material for infrastructure strengtheamgicationsshould have the
ability to yield to allow the retrofittechemberto dissipate eneygthrough ductile deformations.
A promising solution is taombineductile metakheetswith high strength composites usilogv-

costmanufacturingechniqueso create a new class of compositaterialthatpossessedesirable
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features of bothmetal and FR. The arospace industry hasiccessfullydevelopeda similar
compositeconsisting othin metal sheetslternatively bonded to fibéabric. As shown inFigure

1.3, this aerospace compositeown asaFiber MetalLaminate (FML), exhibits a bilinear stress

strain response with a clearly defined yield point when subjected to uniaxial tension (Elton 2010;
Straznicky et al. 2000; Vermeeren 2003). FMLs have been successfully used for several aerospace
applications such as in fuselage panels for the Airbus A380 (Sinmazcelik et al, iBO&ig

panels ofthe Fokker F27 (Sinmazgelik et al. 2011; Vermeeren 20Q08)blast resistaniuggage
containes (Fleisher 1996) and for fuselage crack repair of -8A galaxy transport aircraft
(Vermeeren 2003). FMLs have also been tested for use in the cargo doors of Bdégieg C

(Sinmazcelik et al. 2011) and in impact resistant cargo floor of Boeing 777s (Venn286&

Theaerospace industry usssndardized FML layps composed of thin aluminum sheets
(typically thickness less than 0.5 mm) and Glass Fiber Reinforced Polymer (GFRP) fabric layers
bonded together in some established stacking sequences (Elton 2010; Straznicky et al. 2000;
Vermeeren Q03). A typical FML stacking sequence is shown Figure 1.4. Aerospace
manufacturingof FML involves curing the stacked layers in an autoclave chanttey.
advantages of aerospace FML materials include: (i) FML exhibit inelastic deformations after
yielding of metal layers; (ii) machinability, formability, and mechanical fastening abilities
comparable to metal, which offers advantages for splicing & j@nising mechanical fasteners;

(ii) cracks in metal layers are bridged by fibers, providing component redundancy; (iv) alternating
fiber and metal layers reduce the rate of fire penetration; (v) metal and epoxy layers act as barriers

against moisture ingss to increase durability.

0°- direction

=1olling direction aluminiumlayers
? " Aluminiumlayer

» 90°- direction

UD prepreg layerwith
fibresin 0° - direction

- P D prepreg layerwith
e —— T
—— SRR (ibresin90°- direction

Aluminiumlayer

UD prepreg 90°
UDprepreg 0°

Aluminiumlayer

Figure 1.4: Typical lay-up for Fiber MetalLaminate (Rodi et al. 2010)
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1.2 Problem Statement

The problem motivating this research is that there has been little innovation in the science
of FRP compositeapplied to civil infrastructur@and the field has become stagndtigineers
havebeen mostly usinthe same carbon and glass fifavricsusingthe same external boimg
approach to retrofit and repair deficient concrete structures for the past 30Agarsesult,
buildings and bridges have been strengthened in such a waggtrattstheir energy digpation
capacity at the ultimate limitate because FRP designed for veryjow strain levels to prevent
brittle rupture and unpredictable debondimbis runs counter tthe structural desigphilosophy
of new buildings where the design objectivaasdevelop significant plastic deformatiaiter
yielding to dissipate energ®erospace FML compositgssess welkdefined yield point and
exhibit inelastic behavioarea promising technology to address the performance limitations of
FRP composites for structural retrofit and repbdlowever,aerospacgrade FML composites
cannot directly be applied to building and bridges because they: (i) were developedd$teksv
fatigue resistance rather thparformance nearltimate stress; (ii) are precisely manufactured to
unnecessarily tight tolerances by civibnstruction standardsand (ii) are not economical
compared with current FRP strengthening téghes. Thereforedevelopng a multifunctional
civil engineeringcomposite materiabased on FML theoryvould significartly advancenew
design and analysis afgaches for strengthening déficientreinforced concrete structures that
unlock opportunities related to plastic design, energy dissipation, and other mechanisms not

currently possible with FRP.

1.3 Research FocusConcrete Confined by FML Jackets

The objective of thistudyis to investigate whetherepair an strengtheningof civil
infrastructure can benefit from@mposite materialvith nonlinear stresstrain characteristics
To this endthe exploratory fundamental research in fingject is focused on trepplication of
ductile confining jackets for confinement of mpression membersthe axial compression
strength of a concrete member can be increased by providing confinement with an FRP jacket
(Houssam 1999; Nanni and Bradford9%9. As a result of confinement, ductility of the section
can also be enhanced from the ability to develop greater compressive strains before compressive
failure (Seible et al. 1997). FRP systeprsvide confinement byedsting deformation in the
direction transverse to the longitudinal axis of the mengBrurel.5). Passive confining pressure
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exerted by thgacketon the concrete is activated under tlidumetric expansion of the core
concrete under axial compression. This creates a state of triaxiality in the concrete that improves
the strength and ductility of theonfined cylinder. However, FRP compositegerience brittle
failures when the hoop strain the jacket exceeds the rupture strain of the material. As a result,
FRP confined concretbas poor pospeak strength characteristicand is prone to explosive

failures immediately upon FRP jacket failure.

€c > Eco o
l t€c<€co Ec=¢ E€¢ = Eccu
£
/‘\ i
£ Y 2

— )

FRP Jacket FRP Jacket Rupture of
is not fully activated is Effective FRP jacket

Figure 1.5: lllustration of FRP confined concrete behavior under concentrit lagid(llki et al.
2018)

It is hypothesized that the deformation behavior of the concrete cylinders with FML
confinement would have distinctive characteristics as the behavior of the confining jacket will be
moving from elastic to transition zone and finally the plastic regias. pbssible that the FML
jackets will prevent any kind of brittle failure because even if the FRP layers fail in rupture, the
metal layers will still be in their plastic region and thus containing the failed concrete core. It is
logical to assume that theML jacket will yield at the mid height of the cylinder, the position of
the maximum lateral deformation. The yielded region may remain localized diieimgsiof the
loading duration or may propagate until failure. This reasoning implies variatidifflioéss at
different locations of the jacket. However, tests are needed to be performed to gain insights on the
actual phenomena such dsctility of the system, nature of failure, and load and deformation

sustained by the cylinder.
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1.4 Research Questios

The goal of this research is wevelop the science of FML composites for inelastic
confinement of concrete cylinders and assess whether it is possible to achieve improved
performance compared with traditional FRP jacketifige outcomes of this research Iwiklp
determinewhether FML composite technology can be #@&hle and improved method for
addressing vulnerabilities in our existirggineering practiceg&xperiments designed to obtain
stressstrain properties aissorted desigred FML will be performedso tha with relevantnsights
FML can be characterized for further application as a structural engineering matettae. first
application of FMLintendedfor structural engineering purposmmpression tests on cylinders
confined with FML will beperformedand its effectiveness will bstudied. Thefundamental

guestions motivating this study are:

(1) Since FML will yield and exhibit ductile deformation before failunew do the strength
and ductility characteristics of concrete cylinders confined Rt vary compared with
FRP which exhibits elastic response and brittle failWé?at will be the effect of
inelasticityof FML jacket on the lateral expansion of concrete cylindastheconfining

pressure exerted by the jacket

(2) How can theuniaxial strength, stiffness, and deformation behavior obtained from tensile
specimens of FML be utilized to develop stregin models of FML confined concrete
cylinders? Can any relationship between the properties of unconfined concrete and FMLs

be established tpredict strength and strain enhancement?

(3) What is the effect of changing-ML stacking sequenceeq, fiber architecture fiber
orientation, etc.pn the nonlinear stresdrain response of the FML jackets well as on
thestrength, deformation, dilation ratio, and confining pressurdif confined concret@

(4) Whenbond enhancement agents are used in the resin sgst@uminum surfaces are
treated with mechaecal abrasior{orbital sander)will there be any appreciablefdirences
in thestrengthof aluminumto-GFRPbondsandwhat will be the influence on FML stress

strain behavid?
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1.5 Obijective and Methodology

The overarching objectiveof this research is to evaluate tperformanceof FML
composites aajacketing mateal used to enhance the axial strength and ductility characteristics

of plain concrete cylinder3.o achieve this goal, the following specifeessksare proposed:

(1) Perform a literature review on mechanical characteristics ofFML and concrete
confinement mechanism The kehavior of FRP as jacket materidllation behavior of
confined concrete, anthethodology for analysis of confined concrete cylinders will be
understood so thaégst resulk of FML confined cylinders can be disead andnalyzedn

the same fashion as the state of art knowledge.

(2) Perform uniaxial tensile tests on aluminum and glass fiber FMLcoupons This task
will understand how material propertiéay-up configurationandmanufacturing method

govern thestressstrain response of FML in tension.

(3) Perform single lap shear(SLS)teststo establish theinterlayer bond strength of FML :
Aluminumto-GFRPbond strengths will be estimated throl®JS testsResuls from this
test program will helpunderstandhe progression of failure in the FML coupons and

jackets.

(4) Conduct compression tests of concrete cylinders to understand tleharacteristics of
FML confinement: Thebehavior ofFML confined concreteylinderswill be understood
in comparison with loadlisplacementand stresstrain responses otontrol and FRP

confined cylinders.

(5) Dewelop an analytical model to predict the strength and deformation behavior of
concrete cylinders confined with FML jackets: Existing models forFRP confined
concrete with necessarynodifications,will be usedto generatestressstrain curve of
FML confined concrete cylinders. The accuracy ofahalysiswill be checked against the

test results.

(6) Develop cesignguidelines and recommendations for futureesearch.

Chapterl: Introduction 10



1.6 Dissertation Outline

This dissertatiois organized into the following chapters

(1)
(2)

3)

(4)

(5)

(6)

(7)

Chapter Iprovides the backgrourahdmotivationfor thisresearch.

Chapter 2containsa literaure reviewsummarizingconcrete confinement mechansm
using FRP jaket andreviews the mechanicaharacteristicef FML. A critical review of

current research needs and limitations related to FML confinement are also discussed.

Chapter 3describesthe properties ofmaterials selected foFML composites,FML
configurationsselected for this researcind procedure for preparation of the composite

specimens.

Chapter 4describs single lap shear and uniaxial tenstkst resultsfor assessment

interlayer bond strength and selection of preparation procedure.

Chapter5 provides the resultaand discussionsom uniaxial tensioniestof FML coupons
and summary of analytical modeling performed to calculate the sstesi® behavior of

FML coupons in tension.

Chapter6 provides the results and discussions from the compression tests of concrete
cylindersconfinedwith different configurations of FRP and EMacketsandsummary of
theanalytical modeling performed tmlculatethe stresstrain behavior of FML confined

concrete cylindey in compressian

Chapter7 summarizsethe findings of this projecRecommendations faklesign guideling
on concrete confinement with FML jackets and future research projects will also be

provided.
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1.7 Original Contributions

The research proposed in this thesis aims to advance knowledge in the field of civil

engineering throughthe applicationof a new type of composite material for structural

strengthening. Specifically, new areas of knowledge will include:

(1)

(2)

3)

Advancing the fundmental science of concrete confinement by investigating the effect of
composite wraps that have a wedfined yield point and exhibit inelastic behavior. Unlike
FRP, the confinement pressure exerted by the FML jacket on the concrete cylinder will at
first increase corresponding to the elastic deformation in the jacket and then the slope of
increase will reduce substantially corresponding to the-yekt region of the jacket
response owing to the plastic deformation in the metal layers. In this study, ne
opportunities for energy dissipation in compression members by controlling the inelastic

deformation will be investigated.

Analytical modeling of FML confined concrete to facilitate the exploration of the design
space. The potential for controlling thdation behavior of concrete to improve the
ductility characteristics will be investigated.

Provide insightson the practicality of hand layup and lowcost manufacturing of FML
that are sufficient for structural strengthening purpose with a tolerance limit lower than

aerospace industry standard.
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2 Literature Review

2.1 Overview

Adapting a composite technology developed for the aerospace industry and tailoring it to
civil infrastructure appliations, in this case concrete confinement, requires an understanding of
three equally important topics: (i) the mechanical characteristics of FML; (ii) the influence of
externally bonded FRP jacketing on concrete confinement mechanisms, and (iii) tresdefm
behavior of concrete confined by a linear elastic andielpktstic material. This chapter is

intended to be a general overview of these fundamental topics.

2.2 Fiber metal laminates

2.2.1 Historical Development

Research on FMlbeganin 1973 at Delft Uiversity of Technology, Netherlands (TU
Delft). Engineer Rob Schliekelmann of Fokker, an aircraft manufacturing company located in
Netherlands, used metal bonding technology to create aiputibmposite structure for Fokker F
27 airplane. Jaap Schijvethe Royal Netherland Aerospace Center (NLR) discovered that crack
growth in aluminum sheets bonded with epoxy is extremely slow. The effect was due to the
phenomenon that a crack once developed, grows in only one single layer while the other intact
layersperform the role of effectively bridging the crack and consequently leading to very good
fatigue properties for the laminated structure. During the 1970s, NASA engineers were performing
tests on local composite reinforcements bonded to aluminum compamtentded for the space
shuttle. Ceengineers of Schliekelmann at Fokker, after visiting NASA facility, realized that this
concept in principle can be incorporated to their bonded metal laminated structures if fibers were
added to the adhesive of the laates.Jaap Schijve joined TU Delft as a faculty in 1973 and
Fokker also started working towards developing a new material. Fokker and TU Delft were
working together and thus the development of FML began (Asundi and Choi 1997; Vermeeren
2003; Vlot 2004; VIo and Gunnink 2001).
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Schijve and Boud Vogelesang started flight simulation tests with carbon and aramid fiber
reinforced laminates in 1978 with promising results. TU Delft Student Marissen developed an
analytical model for fatigue crack growprediction of aramid reinforced aluminum laminates
(ARALL). The first patent on fiber metal laminates was filed in the U.S in 1981 mentioning
Schijve, Vogelesang, and Marissen as the inventors (Asundi and Choi 1997; Vermeeren 2003;
Vlot 2004; Viot and Gunink 2001).

The first implementatioof ARALL as an aircraft component began in 1985. ARALL was
used to design the wing panels of Fokke2 & The dimension of the ARALL parts were two
meters by one meter and contained one access hole to facilitate internal inspection of the wing
(Figure2.1) (Asundi and Choi 1997; Gunnink and van der Schee 1987; Vermeeren 2003; Vlot and
Gunnink 2001). Aspecific ARALL part in the fatigue critical location of the wing part@b(re
2.2) was subjected to 270,000 simulated flight tests which were three times the design life of the
F-27. The damage sustained after completion of the tests Waa arinor surface scratch in the
outer surface ahe part whereas the aluminum equivalent would have failed catastrophically due

to fatigue (Gunnink and van der Schee 1987)

Figure 2.1: Production of ARAL F-27 wing panel with acces$mle (Vlot and Gunnink 2001)

Chapter2: Literature Review 14



10 BE TESIED AREA

|
I
|
|

Y - |

= | -nnvu'u—,)—sﬂ'_}“—]

| : |
|

| L}
| | ¢

| | | s t | |

S < 9 ol o o o l A & g J l I

44 - o . < > Q 5 w o

3 3 8 & & 3 % E F 8§ R % % R g s

- ™ ~ - o o b @ - [ . Wi N -

- - - - - - - l @ @ ~ o~ - W v - L %
<« ~ - -« - - - -« - -« =

- - - o - o - . . . h o - -

by brs @ by " 3 4 w v w w w w w w n w wn

T ] s Gaad) s

"[L_O_HER—_ING [F:WER 1 27 )

Figure 2.2: Lay-out of the lower wing of the FokkerZ7 (Gunnink and van der Schee 1987)

Tests of ARALLcomponents for aircraftiselage like loading conditions revealed failure
of aramid fibers around a fatigue crack. This was a problem because ARALL with broken fibers
in principle becomes useless because crack growth in the metal layers can no longer be slowed
down with the aid bthe intact fibers (Asundi and Choi 1997; Vermeeren 2003; Vot 2004; Vlot
and Gunnink 2001). Research by Roebroeks reasoned that aramid fibers do not bond with the
adhesive properly and as a result, when in tension, stretch out without deformaticedbieibige.
When this is followed by compression aramid fibers would be damaged and break in the
subsequent tensile phase (Roebroeks 1991i$ observation and the following research wetk

to the developmerdnd standardization of glass fiber reinfor¢aehinates or GLAREVIot and

Gunnink 2001)
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2.2.2 Types of Fiber Metal Laminates
Categorized byFiber Type

Different configurations of ARALL and GLAREhave been adopted for aviation
applications. Another variation that has been considered but not used dktesdm=rbon fiber
reinforced laminates known as CARE or CARALL. Typically, aluminum grade -2&¥ used
for FML design because its fatigue behavior is suitable for aircraft components despite its yield
strength being lower than some other grades ss@@024T81or 7475773 (Vlot and Gunnink
2001).

Some of the disadvantages of ARALL that led to further investigation for new class of
FMLs are failure of aramid fibers in fatigue loading conditions, poor interfacial bond behavior
between aramid fibers amadhesives, and poor blunt notch strength of the final part. It was difficult
to produce ARALL with more the 50% fiber volume fraction that has acceptable peel strength and
interlaminar shear properties. Most importantly, ARALL is not effective for fusdilegéading
conditions mainly because its fatigue performance is lacking; one of the main purposes behind
development oFMLs (Asundi and Choi 1997; Vermeeren 2003; Viot and Gunnink 2001)

It was attempted to improve the performance of ARALL using carbon instead of aramid
fibers leading tahe developmentf CARE. The CARE laminates were found to exhibit poor
fatigue performance as evident from fiber failures in fligimulation fatigue tés. The blunt
notch strength of CARE was also considered to be no significant improvement compared to
monolithic aluminum alloys due to limited failure strain (2.8%) of carbon fibers. In addition,
the galvanic corrosion between carbon and aluminurmdagenoisture environmenigas another
issue restricting application GIARE for aircraft components (Asundi and Choi 1997; Vermeeren
2003; Vlot and Gunnink 2001).

Glass reinforced (GLARE) metal laminates were found to be superior when all the
disadvantages of ARALL and CAR&reconsidered. The greater bonding between glass fibers
and adhesives allows for two different directions for fiber orientation arfgtee€2.3 andFigure
2.4). The tensile and compressive strength, impabgvior, failure strain, and residual strength of
GLARE is better than ARALL. The details of different standardized GLARE types are provided
in Table2.1 (Asundi andChoi 1997; Vermeeren 2003; Vlot and Gunnink 2001)
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Table 2.1: Standardized GLARE grades for aerospace applicatisendi and Choi 1997,
Vlot and Gunnink 2001)
Thickness of

Type Aluminum aluminum Fiber orientation POSt’. Characteristic
alloy stretching
sheet (mm)
GLARE1 7475T761 03704  Unidirectional, 0/0 Fatigue, strength
yield stress
Unidirectional, 0/0 )
GLARE 2 __ Fatigue, strength
Unidirectional, 90/90 ¢ 37 0.5%
GLARE 3 Bidirectional, 0/90 Fatigue, impact
Crossply, 0/90/0 _
GLARE 4 Fatigue, strength
2024713 0.27 0.5 Crossply, 90/0/90
Impact, shear,
GLARE 5 Crossply, 0/90/90/0 off-axis
properties
GLARE 6 Off-axis, T @V T v Shearpff-axis
properties
‘ ' ~——— Aluminium

Cross-plied

glass/epoxy

q/v —<—— Aluminium
Cross-plied

\ \ glass/epoxy

< Aluminium

Figure 2.3: Build-up of a cross ply GLARE fiber met@minate (Asundi and Choi 1997)
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(@) (b)

Figure 2.4: Close up of fiber metal laminate cross sections; (a) unidirectioiial 2004), (b)
bidirectional (Vermeeren 2003)

Categorized by Metal Type

Aluminum is the standard metal used in FML composites. Qtietals such as steel
titanium, and magnesium have been investigateth&r ability to achievelifferent performance
objectives. A brief review on the intended purpose of steel, titanium, and magnesium based FMLs
and relevant research activities are presented below.

Steelbased FMLs have been of great interest considering its potential applications in
marine sector for improved corrosion resistance, in automobile industry for its impact resistance
and energy dissipation characteristics, and relatively higher strengtinnpanfe than aluminum
based FMLs. Research on steel based FMLs have been focused on comparative performance
assessment with GLARE (Khalili et al. 2005), development of high stiffness composite by
combining with carbon fiber (Sung et al. 2020), low velodiypact resistance characteristics
(During et al. 2015; Parnanen et al. 2015; Parnanen et al. 2016), investigation on the influence of
surface treatment on deformation behavior (Balakrishnan et al. 2019), resistance to environmental
degradation (Singh andngra 2018), formability (Rahiminejad and Compston 2020), and use of

steel sheets as reinforcement in GLARE connections for improved performance (Rooijen 2006)

The pimary motivation behind titanium based FML have been specialty aerospace
applications whex superior mechanical characteristics r@guired (Cortés and Cantwell 2006;
Hu et al. 2019; Miller et al. 1994; Nassir et al. 2020; Sun et al. 2019; Johnson T@&&6um
FMLs have exhibited particularly good fatigue behavior under cyclic stressak\(@fgler et al.

1994) good performance under both low and high velocity imp@ottésand Cantwell 2006;
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Nassir et al. 2020)and enhanced bearirggrength in bolted joints (Hundley et al. 2010). In
addition, nickeltitanium shape memory alloy based FMLs have been considered for achievement

of controlled geomettrd aihracmrgaefst twi rmgesy e(l ®pr téessm
2008)

Magnesium based FML have been considered for applications requiring low areal density,
superiorcorrosion resistance, and electromagnetic shielding capacity. However, compared to other
metals, the e are few studies examining magnesi um a
weight saving advantage, magnesium alloy based FMLs have significantly lower static and fatigue
characteristics (Alderliesten et al. 2008) and reduced impact resistance (P&nahe2012)

compared with other FML variants.

2.2.3 Manufacturing Process

Vacuum bagged stacked aluminum sheets and glass fiber prepregs are cured in an autoclave
chamber to produce FML parts intended to be used as aicomafionents (Sinmazcelik et al.
2011) Photographs of typical autoclave manufacturing are shovigire 2.5 and Figure 2.6.
Prepreg films are formed with unidirectionabfass fibers and FM 94 epoxy adhesive and have a
thickness of 0.127 mm and nominal fiber volume fraction dfo5¥lot and Gunnink 2001).
Academc research labs often adopts autoclave manufacturing to ptepasamples (Ergun et al.
2017; laccarino et al. 2007; Sun et al. 2019), although another type of systeiy mentioned
as Ohot/ heat press machi ne &lavefo prepare RML specimersse n U S
(Lee et al. 2014; Balakrishnan et al. 2019; Sung et al. 2020). ahefew examples of wetting
the fiber fabrics and aluminum surfaces with epoxy by hand and completing the curing process in
room temperature where the tebtgpecimens exhibited favorable mechanical characteristics
(Sharma et al. 2017; Sharma et al. 2019; Vasumathi and Murali.2016)

Aluminum sheets are subjected to surface pretreatments to remove contamination,
improved wettability, and increased roughness so that improved bonding with the FRP layers can
be achieved (Critchlow and Brewis 1996). Different types of surface treatmesdsrugpractice
are mechanical, chemical, electrochemical, coupling agent, and dry surface treatments
(Sinmazgelik et al. 2011). Eacifi these processesin be used individually or in combinatioh.
brief discussion on the effect adeveral surface treatmdénprocesses on the mechanical

characteristics of FMLis presented in Section25.
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The curing in the autoclave chamber is performed up toCLAr FMLs with 2024T3
grade aluminum alloys. Because the coefficients of deformation of fiber and med#ffenent
and as all the materials are bonded together, a distributionptdine residual stress at different
layers is developed at the end of temperature curing; tensile stress in aluminum sheets and
compression in fibers. Residual stress can neggtaféct the fatigue performance of FML. To
account for this problem, laminates are subjected t® ®% post stretching for stress reversal.
However, post stretching adds to the cost and complexity of production and can be unviable
depending on the dimsion and configuration of theML. component (Asundi and Choi 1997;
Vlot 2004; Viot and Gunnink 2001)

L v

Figure 2.6: Curing of a curved FML part iautoclave (Black 2017)

Several oubf-autoclave manufacturing processes that have been used to produce FML
include Vacuum Assisted Resin Transfer Molding (VART@aumertet al. 2011; Jensen et al.
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2009), Resin Transfer ddding (RTM), and oven curingrocess (Cortés and Cantwell 2008).

summary of each of the three techniques is as follows:

1.

In VARTM, dry fibers and metal layers are vacuum bagged and placed in a mold.
Liquid resin is then introduced to the system which flows over the surface of the parts
due to the vacuum action. Preparation of FML parts by VARTM process is challenging
because the solid metal layers restrict thretilgtkness infusion resulting in a lack of
resin flow pathways. To account for this isSNASA (Jensen et al. 200€gveloped a
method called VARTMFML where perforated metal layers are used so that proper resin

flow can be ensure(Figure2.7 andFigure2.8)

VARTM infused Plasma Coated Laminates (VARTMPCL) is another variation of
VARTM process that has been developed at NAG&nsen et al. 2009)in
VARTMPCL, partially molten metal droplets are impinged to the desired fabric layer
so that metal fabric bonds can be developaglufe2.9). The result is a highly textured
and porous metal coating on the fabric lay&igyre2.10). The porosity of the metal
coating facilitates flow pathways and resin infusion in theRYM process. The
structural performance of VARTMPCL FMLs is weaker than FML parts prepared with
solid aluminum sheets. However, thelspes of FMLs are expected to peesss

improved thermal and electrical conductivity compared to FRP composites.

Resin Transfer Molding (RTM) has been demonstrated to produce FML payise

2.11) successfully and therefore has potential for future applic@ilmt and Gunnink

2001) The RTM method requires a more expensive mold where the metals and dry
fibers are placed like VARTM method. Then lawgcosity resins are injected into the
mold for infusion. The automated dispensing system facilitates the use of fast curing
resin in this process. Therefore, RTM method can reduce cycle time from several days

required for hand layp and autoclave cure to hours.

The method with themallest departure from conventional autoclave processing is oven
curing.Cortes et alused aircirculating oven for curing dfFML specimensvhich were

later transferred to a coldress (Cortés and Cantwell 2006)owever, savings in
production cost andme in oven curingan berelatively less than VARTM and RTM

methods.
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Figure 2.7: lllustration of VARTM process (Jensen et al. 2009)
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Figure 2.8: Resin flow through the perforated metal layer¢ ARTMFML (Jensen et al. 2009)
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Figure 2.10: Plasma deposited (a) copper layer on glass fabric and (b) titanium layer on carbon
fabric (Jensen et al. 2009)

Figure 2.11: FML stringer manufactured witRTM (Vlot and Gunnink 2001)
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2.2.4 Uniaxial Tensile Behavior

Unlike conventional FRP composites which remain linear elastic until failure, the- stress
strain behavior of FML composites is characterized by strain hardening aftenyief metal
layers Figure 2.12). A typical stressstrain curve of an FML specimen subjected to uniaxial
tension can be considered to have three segr{emtset al. 2019; Sung et al. 2020) asrokfiin
Figure2.13. Initially, at low levels of load, both metal and FRP layers will exhibit elastic behavior.
The second stage begins after yielding of the metal layers. Pledtavior of the metallic
constituent will cause the pegield stiffness of the FML composite to decrease. The fracture of
the FRP layer or layers will initiate the third stage where only the metal components will contribute
strength until failure. FML sm#mens can exhibit all three regions in the sts#ssin history. The
preceding description of the failure progression of FML is typical fotujas where the metal
layers yield before rupture of the FRP. Other failure sequences are also possiblandepetic

mechanical properties of the base materials.
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Figure 2.12. Postyield strain hardening observed in different configurations of GLARE
FML coupongErgun et al. 2017).
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Figure 2.13: Schematics of threstage tensile behavior of titanium and carbon fiber FK8Lm
et al. 2019)

Fiber orientation angle is an important parameter governing the uniaxial tensile behavior
of FML composites. Aligning fiberm the loading direction (known as havingercorientation
angle) will maximize the strength and modulus of elasticity of the Eltnposite (Cortés and
Cantwell 2006; Ergun et al. 2017; Moussawarshizi et al. 2010; Sun et al. 2019). The effsct
fiber orientation angles was observed in the experimental study of GGae®gs and Cantwell
2006) for titanium and carbon f i benglebavweend F ML :
0° to 15° resulted in localized failure at fibmatrix interface ad interlayer delamination was

observed for orientation angle between 15° to 45°.

Failure modes of fiber metal laminates have been characterized as fiber fracture, splitting
at fibermatrix interface, and delamination at matadtrix interface byHu et al (Hu et al. 2019)
for titanium and carbon fiber laminates. Ryes and Kang (Reyes and Kang P88R)eal failure
without any kind of interlayer delamination for aluminum and glass fiber based laminates. In this
case, it was reasoned by the authors that supsdioesion and good load transfer between the
layers are responsible for absence of delanonatSun et al. (Sun et al. 2018pserved
delamination in titanium and carbon fiber laminates before failure and the presence of 90° fibers

in the laminates was mentionadberesponsible for this phenomenon.
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The composite action of metal and fibeydes within FML may have a synergistic effect
that can influence the mechanical behavior of the individual constituent materials. For example,
Sung et al(2020) reported that the fracture strain of CFRP in FML increased more than 10%
compared to the valumeasured from individual material tests. However, the steel layers in these
specimens exhibited a lower yield strain than expected from material testing. The increase in
fracture strain of the carbon fibers was attributed to a transverse compresss/ieastsésrred to
the CFRP layershrough the adhesion to the stesld it was explained that theeason the
transverseompressive stregeneratedvasduetot he di f ference i n Poisson
deformation. Increasing the adhesive betwee®lsand CFRP layers was found to enhance
material load sharing in the composite and enhance the fracture strain and strength of the FML
specimens. Another observation from this study was that the strength and fracture strain of CFRP
reduces with increasingolume fraction of CFRP. The increase in fracture strain of fiber
phenomenon was also observed by Ryes and K20@7)for aluminum and glass fiber FML.
However, this phenomenon has not always been universally observed. For example, the fracture
strain ofaluminum based FML prepared with sedinforced polypropylene was reported to be
lower than both of the constituent materiglse et al. 2014)

High temperature manufacturing processes, such as autoclave and oven curing, introduce
tensile and compresa& stresses in the aluminum diimbrs, respectivelyThis occurs because the
metal and FRP components in FML have different coefficients of thermal deformation which
createresidual stresses duettwe deformation incompatibility during curing cycles. Titesidual
stress values that can be generated in different layers of titanium and carbon fiber laminates are
shown inFigure2.14 (Cortés and Cantwell@®6). For high strength materials like titanium and
carbon, the residual stress may seem insignificant when tensile strength is considered but can have
significant effect on the low stress fatigue loading conditions. Residual tensile stresses (crack
openirg) present in metal layers will aid in crack generation and growth in the FML parts.
Furthermore, as shown Kigure2.15, analytical prediction can okestimate the tensile strength
significantly when residual stress is not accounted for, especially as fiber orientation angle starts

to deviate from the loading direction.
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2.2.5 Interlaminar Bond Strength

Mechanical performance and environmental stability of fiber metal laminates are greatly
influenced by the interlaminar bdrstrength or the resistance delamination (Abdullah et al.
2015) Commonly observed delamination processes in composite materials results from Mode |,
Mode II, or Mixedmode | + 1l delamination as illustratedfingure 2.16 (Benzeggah and Kenane
1996).Interlaminar bond strength of FMLs are measured by determining the interfacial fracture
energy in different modes of delamination. Fracture toughness of FMLs in Mode | and Mode I
delamination have been measured through double cantilever beam (DCB) aratatnfiexure
(ENF), respectively by varioussearchers (Truong et al. 2013; Vlot and Ingen 1998). A relatively
recent procedure, single cantilever beam (SCB) test (Adams 2020; Ratcliffe 201 Bisbaween
used to determine Mode | dominated fractunergy in variousstudies (Abdullah et al. 2015;
Cortés and Cantwell 2005; Cortes et al. 2007).

Mode | (opening) Mode Il (shearing) Mode Il (tearing)
Figure 2.16: Basic delamination modes in composite matefi2niel 2006)

Metal layers are subjected to different types of surface treatment as a part of the FML
manufacturing process for better bonding behavior between metal and composite layers. It is
expected indifferent studies described in the following that improved bonding will result in
improved mechanical characteristics of the finished FML parts. The changes in mechanical
characteristics are considered as an indication of effectiveness of the surfacertgan
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improving interlaminar bond strength as interfacial fracture energy for different modes of

delamination was not determined.

Balakrishnan et a(2019)investigated theffect of grit blasting on the flexural and impact
behavior ofsteeland glass fiber laminates. Steel sheets were grit blasted with glass and alumina
particle using varying blasting pressure. The particle sizes of glass and alumina w&BEH3@50
micromete and 186250 micrometer, respectively. The hardness of the abrasives was 6 and 9
Mohs for glass and alumina particles, respectively. As shoWwigure2.17, the surface roughness
of the steel sheets increased with increasing the grit blasting pressuatumina; SB4, SB5, and
SB6). Comparison between glass and alumina particees $B2 and SB5) shows that surface
roughness increased with incremsabrasive hardness and reducing particle size. Later, surface
energy of the steel sheets with six types of grit blasting treatment§8BPwere measured and
it was concluded that surface energy and roughness of the steel sheets were not correlated. Th
flexure modulus of the FML specimens showed a clear increasing trend for roughness up to 1.08
micrometer Figure 2.18). The flexure strength of the HMspecimens exhibited no clear
relationship with surface roughness. The impact damage of the specimens was found to decrease

with increase in roughness.

2 11Reference
- 1 ® White fused alumina SB6
o 1 =Glass particels ¢
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Figure 2.17: Effect of particle size anllasting pessure on the surface roughness of steel sheets
(Balakrishnan et al. 2019)
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Figure 2.18: Change in flexure strength and stiffness for variation in surface roughness (Ra) and

water contact angle (Wé#Balakrishnan et al. 2019)

It was observed ian investigatiomperformed by Hu et a(2019)that interfacial adhesion
between the metal and adhe layers can influence the shear strength characteristics of FMLSs.
Titanium and carbon fiber laminates were subjected to interlaminar shear strength tests as per
ASTM D2344. Two different types of titanium sheets were used; with and without anodizing
suface treatment. Surface treatment of the titanium sheets were observed to result in
approximately 35% higher load bearing capacity in the tests although the displacement capacity
remained unchanged. It was discussed that titanium sheets after surfanentrdead a better
specific surface area which led to a better interfacial adhesion with polyimide resin and thereby

improved the shear strength characteristics of the FML specimens.

Vasumathi et al(2016)performed interlaminar shear strength (ILSS) tests as a measure of
bonding between metal and composite layers for different types of surface treatments, matrix
system, and the effect of silane in the epoxy matrix. Results from short beam tests weoe used t
determine the interlaminar shear strength of cajbtefiber aluminum laminates. The short beam
test resultshowing the influence of different types of surface treatment on the shear strength of
the specimenare presented ifiable2.2. It can be seen that shear strength values for the first three
treatment techniques are very similar whereas laser texturirmbindc acid anodizing results in
substantially reduckshear strength in comparison to other techniques. Testadatifferent

matrix systemsshowedthat FML specimens containing epoxy resin matrix system exhibited
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almost 50% higher shear strength than vinyl ester resin system. It was explained thaegpoxy
contains benzene rings which makes it stronger than vinyl ester and hence able to sustain higher
load demandThe shear strength of specimens with 5% silane (in weight proportion) in the epoxy
system were about 10% higher than specimens withounesiteereasing amourdf silane in the

epoxy system was found teducethe shear strength of the laminates as showigare2.19. It

was reasoned that the silane might act as an inhibitor rather than a promoter of adhesion at weight
proportions more than 5%.

Table 2.2: Interlaminar shear strength (ILSS) of carbon jute fiber and aluminum laminates for
various types of surface treatments of aluminum sheets.

: ILSS

# Surface treatment technique (MPa)

1 Sobbing(aluminum sheet roughed up with emery paper) 6.57

5 Grit blasting (aluminum oxide particles; mean particle size 165 mm, feec 6.7
rate 19.3 g/s, flux rate 1.54 g/sf/gnair pressure 0.475 MPa) '

3 Chemical etching(Water, chromicsulfuric acid, and potassium dichromate 6.64
in ratio of 1 L: 330 ml: 50 gl5-minuteimmersion at 60 degree C) '
Laser texturing 5.74

5 Sulfuric acid anodizing 4.54

MPa)

10.00 ~
— 9.00 -
8.00 o
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0.00 . T .
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Inter Laminar Shear Strength

Figure 2.19: ILSS of carborute fiberaluminum laminates with different weight proportions of
si | ane;propytiethorys i | aned ( AP S3gystemi(Masumgihoand/Murale s i n
2016)
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Sung etAl. (202)investigated the effect of interlaminar bond strength on the tensile-stress
strain responses of steel and carbon fiber laminates. At first, it was demonstrated through single
lap shear strength test as per ASTM D1002 that silane treatment of steecahaatigrove the
shear strength of the CFRP and steel lap joints between 13 to 23% and thereby indicating improved
bond behavior of CFRP and steel layers. The FMLs subjected to uniaxial tension testtanere
treated steel layer specimensbondedCFRP and steekheets and reference specimens. The
specimens without any adhesion between the layers exhibited higher yield strength, however, the
elastic behavior of all the specimens were the same. The tests showed a clear increase in tensile
strength and &cture strain of the specimens as the bond characteristics of the specimens changed
in the order of no adhesion, without silane, and with silane. It was also observed that the rule of
mixture model for analytical prediction, which cannot account for iotena between the layers,
had better agreement with the results for specimens with no adhesion. Finally, it was reported that
the phenomenon of increase in strength and strain with corresponding increase in interlaminar
bond strength is independent of sireate (50 3) based on the observations made from dynamic

tensile tests.

Parnanen etAl. (2015)performed singldap-joint tests according to ASTM D10arD
standard to characterize the bonding behavior of stainless steel and FM 300NK adhesive film.
Steel layers were subjected to three different surface treatments; as receivedcidtetched,
and electropolished. The shear strength for as received steel specimens was found to be the highest
whereas strength of other specimens was similar. fy@gh impact tests were performed on
carbon fiber and glass fiberstainless steel FML specimengh steel layersubjected to surface
treatments as mentionethe influence of steel surface conditions on the impact behavior of the

FMLs wasfound to be insigificant.
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2.2.6 Splicing for Large Scale Fabrication

Metal sheets are spliced to manufacture fiber metal laminates of large dimensions. Spliced
FMLs are a realistic solution for construction with minimized number of mechawiitts (Asundi
and Choi 1997)Common techniques used to build up FML panels from smaller metal sheets
include butt jointsEigure2.20), offset lap jointsFigure2.21), and doubler reinforced bjtiints
(Figure 2.22). The dimension of spliced FMLs is limited by the autoclave dimension only.
Fabrication of wide sheets allows to reduce manufacturing cost by reducing number of rivets,
workshop effort ice., drilling, sealing etc.). The operational expense is also reduced desst
inspection and repair cost. In addition, splicing results in reducing the weight of the structure.
Researcthasshown that the effect of splicing on the strength and fatigue performance of fiber
metal laminates afd@nited (Asundi and Choi 1997; Rbeeks 1992)

—= Aluminium layer
<> —=Glass pre. layer 0O
Glass pre. layer 90°
Aluminium layer
Glass pre. layer 90°
Zr— Glass pre. la‘{er 0°

00000/~
= Aluminium layer
2 —

=
=
—

Jl7,
2 ////////////////////

Figure 2.20: Butt jointed FML splice commonly used to build up GLARE panels out of smaller
metal sheetéAsundi and Choi 1997).

Figure 2.21: Overlap joint used to splice FML panéBlack 2017)

Failure mechanism can be expected to be initiatatie location of the joirstfor load

transverse to the splice orientation. Therefore, local reinforcements waitiprevent the
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reduction in frature toughness as compared to4spiiced laminates can be required at the splice
locations to meet the static and/or residual strength demand. Location of splices in the laminates
can be reinforced with GLARE Doubler (Figure 2.22). However, from the waighcost saving
perspective, spliced laminate without local reinforcements is always the ideal configuration
(Asundi and Choi 1997).
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Figure 2.22. Reinforcement with GLARE Doubler over splice a(daundi and Choi 1997)

Vries et al.(1999)investigated the delamination and deformation behavior of GLARE
specimens having single, double, and asymmetrical sjpligarg2.23) by uniaxial tensile testing.
The failure shapes of different specimens are showigure2.24. It was observed that the failure
is initiated by separation of the filler resin and the aluminum face at the splice region. This
phenomenon was followed by delamination in the loading direction. Some of the discussions and

experimentabbservations from this study are summarized below:

(1) In single splice FMLs, delamination initiated after the yielding of the laminataeln
caseof doublesplice delamination initiated after the yielding of the inside aluminum
layer while the other layers were still elastic. Delamination started in the asymmetric
splice laminate in the elastic range of the specimens. Thus, it was concluded that the
asymmetr cal |l y spliced FMLs were the Oheavi e
n

speci mens were 6bheavier | oaded6 i compa

(2) Aluminum interfaces were primarily loaded in Mode Il (s®etion 22.5, Figure
2.16) with some local peel stress due to loading in mode I. The sinlie $§MLs
were expected not to be influenced by Mode | loading at all. Peel stress or mode |
loading was noted to lbe most severe in case of asymmetric splice laminate due to

secondary bending.
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(3) During delamination of single splice laminate, the grassss was found to be

increasing continuously until failure. the case ofa double splicd laminate, gross

stress reached a plateau after yielding and delamination continued until failure.

(4) For agivensplice configuration, the ultimate stress of the FML specimens reduced

with increase in metal volume fractions.

(5) The relative strength of asymmietsplice laminates was found to be higher than the

double splice laminates. The reason being that bridging layers in an asymmetrically

spliced specimen bend towards the delaminating layers and reduce the Mode | loading

of the interface. The increase inamination length allows the increase in bending of

the bridging layer, thus further reducing the peel stress. In symmetric double splice

specimens, the bridging layer does not bend so no peel stress reductions take place.

reg layers N
o splices

(b) double splice specimen

prepreg layer

splice

(c) asymmetric splice specimen

Figure 2.23: Splice configurations in fiber metal lamina(ele Vries et al
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a) Double spliced specimen with fibers b) Single spliced s'becimen
in 0° direction. Note outward displacement with fibers in 0° direction

c) Double spﬁced specimen d) Single spliced specimen
with fibers in 90° direction with fibers in 90° direction

Figure 2.24: Delamination path in different spliced FM[de Vries et al. 1999)

Benedict(2012) performed several uniaxial tension studies on various single lap jointed
specimens, which can be considered as similar to overlappimgnaiion sheets in spliced FMLs,
to characterize different surface treatmgmbcedures At first, to investigate the effect of
sandblasting on bonding between aluminum and composites, shear samples of 25.4 mm x 50.8
mm specimens consisting of aluminum sheeith in between carbon fiber prepregs were
subjected to tension tes&idure2.25). The sandblasted specimens sustaioadsup to 2.28 kN
whereas th smooth aluminum specimens failed even before rising of any significant amount of
load in the test setup. Subsequent single lap shear tests consisting of epoxy bonded 0.5 mm thick
aluminum sheets16tin between prepregs) was also performed as per AST86®Eigure2.26)
(ASTM 2014) The specimens were divided into three categories based on the surface treatments
of the aluminumsheetssandblasting, sandblasting and phosphoric acid anodizing, sandblasting

and AG130 SolGel. The specimens for this testing are showirigure 2.27. An important
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finding from the tests was that failure was governed by the material limit of the aluminum layers,
not by the strength of the bond. Yieldin§ the aluminum layers was observed instead of any
failure in the adhesive layers. As such, the strength and deformation results were not considered
as truly representative of the shear strength of the specimens.

Figure 2.25: Shear samples after pulled in tension (aluminum sheets and unidirectional
prepregs)Benedict 2012)

8o
rd Length 25 4enm

>
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o
Figure 2.26: Single Lap Joint dimensions according to ASTM D58&8TM 2014;Bano
2017)

|

Figure 2.27: Oven curing of shear samples for single lap stesar(Benedict 2012)
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2.2.7 Fatigue Resistance

Fatigue resistance is a critical parameter of aircraft design considering the total times a
fuselage is pressurizetepressurized during its design life. Especially for a large structure with
bolted and riveted joints, fatigue resistance can be crucigrémention of any kind of accidents
(Vlot 2004; Vlot and Gunnink 2001The primary reason for development of fiber metal laminates
was to achieve fatigue performance better than aluminased aircraft construction. The amount
of stress and number of ldiag cycle before crack initiation at notch edges of GLARE parts can
be comparable to or same as a monolithic aluminum part because only the aluminum sheets in the
GLARE parts are fatigusensitive (Alderliesten et al. 200B)owever, as the aluminum laygesre
bonded to the FRP layers, subsequent crack growth will be reduced or stopped. In addition, residual
stresses imparted in the aluminum layers during the autoclave curing process can negatively affect

the fatigue performance of FMLs as well (see Sest®2.3and2.2.4).

In the wake of a crack generated in a metal layer of an FML component, the fiber bridging
action Figure 2.28) allows transferringf a portion of the load in the cross section to the fiber
layer and prevention of further growth of ttrack (Asundi and Choi 1997; Vogelesang and Vlot
2000). Fatigue cracks can also generate in only one #yetime while the other layers remain
intact. This phenomenon renders the growth of the crack extremely slow. Fiber metal laminates
can exhibit crack growth rate up to one tenth to one hundredth of the monolithic aluminum
components under realistic loadiognditions (Vogelesang et al. 1995)

aluminium —
fibre layer —

aluminiym —

fibres bridging a crack
in the aluminium

Figure 2.28: Fibers bridging a crack in aluminum, restricting crack grofivtarissen
1984)

Achievement of good fatigue properties in FML is a balance between interlaminar bond

strength and delaminatiqrotertial (Vermeeren 2003)l o activatethe fiber bridging mechanism
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in the wake of a crack in the metal layer, releasing of adhesive layer from the metal surface or
delamination becomes a necessary action. Once a crack appears in the metal layer, at éhe absenc
of delamination, fibers will be stretched and reach the fracture limit. On the other hand, if fiber
bridging action is denied by substantial delamination, crack length will be large, and growth will

be fast. Apart from the FML development studies at TeIftD this phenomenon was also
confirmed by the experiments performed at NASA for hybrid titanium compasiiaates (Miller

et al. 1994). In the NASA study, an FML panel with weak interlaminar bond strength showed
significantly better fatigue performanttean an FML panel with strong bond strength. In the FML
panel with weak bond strength, the load transfer from the fibers to the titanium layers was reduced
and thus making the fibers the dominant load carrying constituent. However, the performance of

this panel under tension wasor.

Baumert etd. (2011)performed tests for mechanical properties and fatigue behavior of
FMLs made using VARTM process. Holes were drilled into the metal sheets of the FML
specimens to facilitate throughickness infusion. Bferent methods of drilling had different
levels of imperfections at the hole edges. Cracks were always observed te amrthe holes
and the fatigue performances were dependent on the quality of the hole edges. Based on the test
results, the authorgasoned that achieving GLARE like fatigue performance from VARTM FML
(component metal layers having drilled holes) is unlikely. However, the fatigue performance is
reasonable and combined with flexibility in VARTM for complex geometry and low
manufacturig cost, there can be potential for drilled sheet VARTM FML.

Chapter2: Literature Review 39



2.3 FRP Confined Concrete

This section focuses on the effectiveness of externally bonded FRP jackets in confining
concrete structures. Key parameters that influence the confinement effectivelRB&sjatketed

concrete members will be summarized and discussed.

2.3.1 Parameters Affecting the Effectiveness of FRP Confined Concrete

The benefit of providing lateral confinementhe concretecoreis to significantly increase
the compression strength andctllity of structural concrete members. Ductility is an important
design consideration at the Ultimate Limit State (ULS) because plastic deformation can activate
several beneficial mechanisms in the event of an overload or extreme load event. For example,
is desirable to design a sufficiently ductile structure that will not collapse due to shaking from large
earthquakes because of energy dissipation through limited deforniitaorder et al. 1988;
Spoelstra 1999; Pessiki et al. 2001; Shin et al. 2066).sufficiently ductile beanthe moment
at the location of a plastic hinge will remaanstantwith increasing rotation and moment from
this section will transfer to a different section until a collapse mechanism is formed; known as
moment redistributin. Considering thamoment redistribution is advantageous for structural
design practices as reinforcement detailing requirement at thedmamns joints is reduced and
the nonlinearity of the materials can be utilized for calculation of internal forades beam (Li
et al. 2019). In new construction, confinement of concrete in the core of a structural member is
provided through closely spaced transverse reinforcement in the form of circular hoops, spirals, or
rectangular ties to resist lateral expansiof concrete, increase ultimate compressive strain,
prevent buckling of the longitudinal bars, and increase shear capacity (Mander et al. 1988; Nilson
et al. 2010)

Reinforced concrete buildings constructed prior to the adoption of modern seismic design
codes often suffer from deficiencies in strength and ductility due to a lack of closely spaced
transverseaeinforcement (ASCE 2014fkxternally bonded FRP wrapped around columns and
beams is a popular retrofit technique to improve the performance ofusésicuffering from
confinement related deficiencies. The basic purpose of FRP jacketing of existing structures is the
same as detailing closely spaced transverse steel reinforcement in new construction; that is increase
in strength and ductility througlonfinement. When FRP sheets are bonded externally to concrete

compression members, lateral expansion of the member under axial compression is resisted by
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hoop stresses in the FRP activated by the lateral core expansion. This generates a confining
pressurewhich enhances the constitutive properties of concrete througkiati compression.

Because FRP is a linear elastic material, progressively increasing lateral expansion of the member

is resisted by ever increasing hoop stresses until rupture of thé jaatexial. Confining action

of FRP jackets is also sometimes termed as OP

only when there is transverse deformation in the compresmonber (Ozbakkaloglu et al. 2012)

A theoretical description of passive FRP confinement can be derived by considering the
free-body diagram of a concrete cylinder of diaméBeshown inFigure 2.29. The theoretical
confining pressuré& is assumed to uniformly act on the concrete and produced by a single ply
FRP jacket is given by Eq2.1) (ACI 2017; Lam and Teng 2003; Ozbakkaloglu et al. 2012)

0o0-
0 2 (21)
where,;’Q RO, 0, and- are the confining pressure exerted by the FRP jacket, stiffness of the
jacket material, ply thickness, and jacket material rupture strain obtained in tensile coupon tests,
respectively. For nogircular cross sectiond) is equal to the length of the dianal of a

rectangular cross section as follofWgang et al. 2016):

0O & Q (22)

where,®andQare the crossection width and depth, respectively. As a result, the equivalent

diameter of a square lomnn is equal t¥I¢c

The effect of FRP confinement on the behavior of concrete columns is illustr&tigdiia
2.30. The stresstrain response of a compression member will be influenced by the confining
pressure exerted by the FRP jacket on the concrete core as it dilates laterally. The level of confining
pressure will influence whether the compressive axial ssteas response of the confined
member will be monotonically ascending or wakhibit a descending region after the peak

compressive strength is reached. The-pesik response of confined cosie members is usually

discussed with respect to confinement ratie, the maximum confining pressure exerted by the

FRP jacket over the peak unconfined compressive strength of concrete core. The ascending or the
descending branches of theesfstrain curves is also mentioned as sttaandening or strain

softening response in literature, respectively. Based on tests by Lam an@Q@8)gconfinement
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ratio should not be less than 0.08 to assure a strain hardening response in tsgatressve.
Similarly, it has been proved by Spoelstra and M@hf99) in their aralytical model that
confinement ratio less than 0.07 will result in strain softening for a practical range of material

properties.
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Figure 2.29: Confining action of FRP shell on concrete core: (a) FRP;qlh¢ltoncrete core
(ACI 2017; Lam and Teng 2003; Ozbakkaloglu et al. 2012)
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Figure 2.30: Schematic stresstrain behavior of unconfined and confined reinforced concrete
columns(Rocca 2007)
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In Figure2.30,"Q, "Q, - , and- are the peak unconfined compressive strength, peak
confined compressive strength, unconfined concrete failure strain, and confined concrete failure

strain, respectively.

The theoretical confining pressure derived in @&dl) represents an upper bound to what
is activated in practice. There are several reasons why confinement efficiency is less than the
theoretical limit First, as is evident in E@2.1), confining pressuré& is directly related to the
strain in FRP jacket . In other words;Q is limited based on the amount of deformation the
jacketcansustain. Acording to Matthys et a(1999)and Mirmiran and Singhy2001)that the
most important factor to determine the strengthening level of FRP jacket is the failure strain of the
jacket. Tests havehown thathe average value of FRP jacket ruptstrain issignificantly lower
than the rupture strain of FRP jacket material obtained from the tensile coupofLaestand
Teng 2003; Pessiki et al. 2001; Realfonzo and Napoli 20113 phenomenon is known as strain
reduction or strain inefficiency dhe FRP jackets and is discussed in a great numtstudies
(Lorenzis and Tepfers 2003; Spoelstra 1999; Matthys 2000; Pessiki et al. 2001; Realfonzo and
Napoli 2011; Matthys and Audenaert 1999; Shahawy et al. 2000; Xiao. 20@j)easons offered
include The effect of the neaniform strain distribution in the FRP jacket due to both the cracking
propagation in the concrete (resulting in stress concentration in jacket) and the possible eccentricity
of loading (Realfonzo and Napoli 2011; Xiao 2008 reluced deformation capacity of the FRP
sheetsn a cuwved orientatior{Lorenzis and Tepfers 2003; Realfonzo and Napoli 2011), the local
misalignment or waviness of fibers (Lorenzis and Tepfers 2003; Pessiki et al. 2001; Realfonzo and
Napoli 2011), the inclsion of residual strains in FRP layers duringlgyresulting from flaws in
the substrate concrete (Pessiki et al. 2001; Realfonzo and Napolj 2@1Egions of overlapping
FRP layers where the measured strains are much lower than strains osisamkdre (Lorenzis
and Tepfers 2003; Realfonzo and Napoli 2011), relatively difficult quality control in FRP jacketing
(Lorenzis and Tepfers 2003; Xiao Y 2000), themulative probability ofveaknesses in the FRP
material due to size effects as the jacket thanuch larger than the test coupons (Pessiki et al.
2001; Realfonzo and Napoli 2011), uneven pull in the fibers in the circumferential direction caused
during layup (Pessiki et al. 2001), and temperature, creep and shrinkage incompatibility between
corcrete and FRP jacket (Pessiki et al. 2001). Mirmiran and Shahawy (1998), Xiao and Wu (2000)
opined thathe biaxial stress condition in the jacket can be the mechanism behind the premature

failure. However, it is also suggested that this observation sheuldrified and quantified.
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According to Realfonzo an8llapoli (2011) andDe Lorenzis and Tepfer€003) the
important parameters affecting the ultimate FRP jacket strain are the thickness of th jdcket
stiffness of the wra® and the cylindediameterO, i.e., the parameters on which the confinement
stiffness dependd-{gure 2.31). In general, a trend of reducing ultimate hoop rupture sfaain
CFRP has been observed for corresponding increase in confinement stiffness while any such trend
for GFRP jackets is not discernibleigure 2.31). Furthermore, the workmanship, the degree of
straightness of the FRP in the laminate, the type of laminate used for column wrappitigg and
volume fractionand uniformity of the resin layer may be influential on the jacket rupture strain.
These parameteesge very difficult to quantify and therefore their contribution to jacket rupture
strainhasnot been established yet.

Accurately predicting the maximum confining pressure that can be achieved from a
particular jacket layup configuration is important to establish the strength and ductility of confined
concrete. The maximum confining pressure, in turn, is directly refatéa ultimate strain value
of the FRP jackeas can be seen Hq. (2.1). Here, it gets complicated as determination of the
jacket rupture strain is very difficult vinbut actually testing specimens that are similar to design
configurations. Thus, for proper calculation of confining pressure, there has been some attempts
to quantify a strain efficiency factor that can relate the jacket rupture strain to the ruptaorefstra

jacket material obtained from the standardized tensile coupon tests.

The most prevalent way strain efficiency factor is defined is as the ratio of ultimate failure
strain of the FRP jacket in the hoop direction to the ultimate tensile strainjatkie¢ materialA
common approach to compute the strain efficiency factor is to calculate the value from published
compression test results and thus assemblaeabase (Bullo 2003; Lam and Teng 2003; Matthys
et al. 2005; Realfonzo and Napoli 2011). Skiatabasés then used to calculate the average
efficiency factor. Analysis gbublished compression test data revealed that strain efficiency factor
is influenced by the fiber type (Lam 2004; Lam and Teng 2003; Realfonzo and Napoli 2011)
number of pliesn the jacket, and strengthadncrete (Realfonzo and Napoli 201#)om analysis
of the assembled database, Lam and T2603) Realfonzo and Napo(2011) and Matthys and
Taerwe(2000)found that the value of strain efficiency factor shows a largttesowith respect to
the average value. A sense of this scattering can be realifgguie2.31 andFigure2.32. It is

possible that the how the lateral strain was measured in the tests is responsible in part for this

Chapter2: Literature Review 44



scattering. Measuring lateral deformation by means of LVDTs generally results in an
overestimation of lateral strain (Wang and Wu 2008), local measurement with strain gauges can
lead to underestimation (Pessiki et al. 2001; Realfonzo and Napoli, 20itigtrain measurements

at the overlapping zone of the FRP sheets will also give srstithen value (Cui 2009; Lam 2004;

Lam and Teng 2003). ACI 440.2F (ACI 2017) suggests a valuwd 0.55 to be used in
calculations for design purposes. A summary of different strain efficiency factor values determined

from both individual test result astiatistical evaluation of test database are providédle2.3.

Table 2.3: Proposed value of strain efficiency factor from various studies.

Strain : Unconfined .
Study efficiency FRP Ja(_:ket concrete strength Determined
material from
factor (MPa)
0.851 AFRP O TV
0.586 CFRP OTT LU
Lam and Teng, Test database
2003 0.624 GFRP CUL TC
High Modulus
0.788 CERP cpom
Bullo 2003 0.500.70 CFRP, GFRP - Test database
Harries and Carey Experimental
2003 0.70 GFRP 06 investigation
Carey and Harries Experimental
2005 0.500.60 CFRP 01 Lo investigation
0.63 CFRP puL 40
Realfonzo and
Napoli, 2011 0.68 GFRP pPL T T Test database
0.60 CFRP, GFRP PL PXT
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Figure 2.31: Dependence of strain efficiency factr, on FRP confining stiffness
(Realfonzo and Napoli 2011).
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Figure 2.32 Frequency of strain efficiendgctor, |l , for any strength of concrete
(Realfonzo and Napoli 2011)

Pessiki et al(2001) proposed two different factors so that the expression for theoretical
confinement pressuf® given in Eq.(2.1) can be modified to reflect the actual performance of
FRP jacket. These two factors are strain efficiency fattpmwhich accounts for discrepancies

between strain value found in tensile pon tests and the rupture strain observed in compression
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tests of FRP jacketed cylinders/columns and the shape flactwhich considers the geometry of

the confined concrete cross section. They are discussed more in detail below:

Strain efficiency factord,: Pessiki et al(2001)proposed the strain efficiency factor as a

product of strain localization factor and in situ properties factor.
Il o (2.3

The strain locakliation factor)l , is the ratio of the average strain in a jacket arouncbitmpter,

-, to the insitu jacket rupture strain, , as
I — (2.4

Strain localization factor can be considered as a measure of uniformity of strain distribution around
the circumference of the jacket. If the only force acting between the concrete core and the jacket
is the outof-plane normal force, there is no transbérinterfacial shear force, then the average
strain in the jacket and the strain measured at any fracture locatiorwill be the same;
resulting in a strain localization factor value of 1.0. This scenario can be achieved if the jacket and
concete core interface is frictionless or there is no bond between the jacket and the concrete, and

the lateral deformation of the concrete core is uniform in all direction.

The insitu properties factof, , is the ratio of the situ jacket rupture stmj- , to the material

strain capacity obtained from tensile coupons testsas
o — (2.5)

The insitu property factor simply establishes a relationship between strdicat &acture region

of the jacket and tensile rupture strain of the jacket material.

Thus, for a circular sectiod (  p), the confining pressure can be obtained by modifying Eq.
(2.2) as below

c¢Oo c¢Oo

0
O O

o (2.6)

Harries and Carey2003) observed in their experiments that the total strain efficiency

factor,ll , is also affected by specimen shape and level of confinement. The tests in this study were
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performed on 152 mm diameter by 305 mm tall concrete cylinders and 152 mm wide by 305 mm
tall square concrete specimens. The jackets were prepared with 3 and 9 layers of GFRP plies. The
strain efficiency of the square jackets was significantly reduced from that of the circular jackets
because of the flexwiieduced strains (on the sides of atpispecimens) and discontinuity where

the jacket transition from side of the square section to the circular corner. Both strain localization
factor and irsitu properties factor were found to increase with the number of plies of the confining
jacket. Alsq when compared to other published data, the valuessfurproperties factor were

higher Harries and Care{2003) attributed the higher values to the exceptional quality control
achieved using the lightweightdtass FRP, the smooth sides of the dgirs, and themallsize

of the specimens tested.

Shape factord y It is possible to achieve a uniform confining pressure in circular section
as the entire FRP jacket around the section is subjected to tensile hoop stress. This, however, is
not possik# for noncircular sections. The iplane tensile stiffness of FRP jackets is high, but the
out-of-plane bending stiffness mmall (Harries and Carey 2003; Pessiki et al. 200d)non
circular sections, larger confining pressures are generated at tleesctiran at the sides because
confiningpressure on the sides are generated by the flexural behavior of the jacket rather than the
behavior of the jacket in tension (Harries and Carey 2003; Pessiki et al. 2001; Wang et al. 2016).
Like a column confined byectilinear hoop reinforcement, lateral dilation of the core under axial
load causes a lateral expansion that is effectively resisted by the axial rigidity of the FRP jacket at
the corners. Away from the corners, the FRP jacket has low flexural rigwditystinsufficient to
generateany meaningful confinement pressure away frra corners (Wang et al. 2016)
Restrepol and DeVin@996)proposed that for rectangular columns confined with external jackets
the effectively confined area can be considered to be bounded by skmmee parabolic curves
on each side of the section as illustrate@igure 2.33. Based on this definition, the effectively
confined area in an FRP wrapped rectangular col@mn, , may be determined as below:
w ¢ Q «i

0 0o p 00 (2.7)
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Figure 2.33: Schematic representation of confined core con¢kderies and Carey
2003)

Eq. (2.1) defines the average lateral stré& generated by FRP wrapped around a
column. This lateral stress is not uniformly applied around a rectangular column due to the high
confinement presses generated in the corners. Therefoased oriEq. (2.7), Pessiki et al(2001)
proposed a shape facttr, to account for the effect of column cressction on cofinement
effectivenessons The shape factor for a rectangular crssstion of widthtoand depttQis given
as:

® ci Q ci i
P (oY) (2.8)
N

wherei is the radius of rounded corner and reinforcement fat@counts for the presence of
longitudinal reinforcement in the section. The reinforcement tatsodefined as the ratio of total
area of the longitudinal reinforcement over the gross areaedfettioriQ WFRP jackets are not
considered for calculation dfas external FRP jackets do not reduce the available concrete section
from the gross are@ ¢and alsahejacketsare not expected to carry any axial load (Wang et al.

2016) The value 6l is set equal to 1.0 for circular columns.

Therefore, the theoretical effective confining pressure for a column of arbitrary shape may

be determined by modifying E(R.1) to include the shape factlbr:
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O

Q I (2.9)

Finally, considering for both strain efficiency and shape of the cross sectiq@, Bgan
be rewritten as
c¢Oo

L (2.10)

Based on the test results and corresponding analysis, Harries and2D&&yound that
the effectively confined area calculated from the Restrepol and DeVino definition (Eq.
(2.7)) is an underestimation of what is actually achieved in the test specimens; at least for the scale
of specimens considered in their study. Furthermore, might be different wh varying
number of plies in the FRP jacket which is not accounted for if{ZQ). It was also concluded

that this relationship is unable to capture the effect airggeolumns having different corner radii.

The effect of cross section geometric factors on the confinement préQsufer large
scale rectangular columns was investigated by Toutanji €Gi0) It was found thathe axial
strength of the confied column reduces for cross sections with higher aspect ratios and increases
as the corner radincreasesBased on these findings, a relationship was suggested for peak

confined compressive strengfh and confinement pressui® as shown irEq. (2.11).
M Q0 Q0N (2.11)

where Q is the peak compressive strength of the unconfined concref@ andhe confinement
effectiveness coefficient and was determined to be 4.0 from regression analysis on test database.
Theoretical confinement presstife is multiplied with cross séion geometric factor® and

"Q to account for variations in corner radius and aspect ratio, respectively. These two coefficients

can be determined by using the following expressions:

(2.12)

(2.13)

ofich FOin Eq.(2.12) and Eq(2.13) are defined irFigure2.29 andFigure2.33.
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2.3.2 Size Effect on FRP Confined Concrete

A lot of research on FRP confined compression mem@s®een performed on small
scale laboratory specimens because of convenience in handling, relatively inexpensive tests, and
readily available test equipment tiaisless capacity. Much less researes lexamined large and
full-scale columns because thfe associatedost and difficulty in erection. The stressain
models and the expression for ultimate state strength and strain of the FRP confined members have
been derived mainly based on the resofitstandardized concrete cylinder specimens of diameter
six inches or smaller. Scaling up the test resilsall scale specimens for practical applications
may lead to erroneous estimation because failure in large scale concrete specimens carebe fractu
or plasticity dominated which in turn will influence behavior of the confined concrete member
(Jamatia and Deb 2017). The expressmrtheoretical confining pressure in Eg.1) does not
consider whether the size of the members could alter the achievable confining pressure based on
stiffness and strain capacity of the FRP jacket. Furthermore, design codes for cstnecaiees
retrofitted with FRP composites also do not consideresdiset (ACI 2017; CSA 2002; Wang et
al. 2016).

For circular compression members, experimental investigations have mostly confirmed
that the size of the members have no real influenctherstrength and deformation behavior
(Wang et al. 2016). This size effect was found to be insignificant on studies on FRP wrapped
specimens maintaining same length to diameter ratios (Elsanadedy et al. 2012; Thériault et al.
2004) considering for diffenat slenderness rati@hériault et al. 2004)and concrete filled FRP
tubes (Zhu et al. 2005). Nonetheless, an important observatiomadses byCarrey and Harries
(2009 regardingthe use of FRP jacket material in larged smakscaleapplications Fortheir
study, decreasing the column scale to the diameter of standard cylinder did not allow for the use
of standard weight CFRP materials typically used fordalle applications. To obtain an equal
level of confinement in the fulcale and standard ayllers, a standard weight jacket on the
cylinder would need to be less than gt thick. In this case, a ofay jacket would result in a
higher confinement ratio and a strength and deformation behavior different than the column. This
issue can be resad by using a lightweight material to provide the same stiffness of the column
jacket. However, the behavior of the two jackets in their ultimate states may be different. Fabric
weight of generapurpose carbon/resin unidirectional sheet can vary betw@@in2400 g/ (6
to 12 oz/yd) whereas for higistrength sheet it can be between 230 to 626 (#rto 18 oz/yd).
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Fabric weight of Eglass/resin unidirectional sheet can vary between 350 to 9G0(3dnto 27
oz/lyd) (ACI 2017)

Wang et al(2016)propo®d an expression as shown below for strain efficiency factor that
considers the size effect of square columns based on testreggalision analysis (Wang et al.
2016; Wang et al. 2012). This factor is analogous to the total strain efficiencygemposed by
Pessiki et al(2001) It should be clarified that Wangds f
of the O0shapedt iodn t(hlei kce oot her factor propoc:c

of the compression member.

7 8

W P . P
I p ma;q;p—nn prii & Tt mi (214

The test dat abase for derivation of Wang o
reinforced and nomneinforced square columns of length to width ratio of three and corner radius
of fifteen percent of the width. Also, this expression is applicableémitie range of 100 to 400
mm of width. For columns havindgjmensiondarger than 400 mm, a value of 0.33 is proposed but

further investigation is also recommended.

Wang et al(2016)observed that approximately no size effect exists on the axial-stress
strain curves of the FRP confined small sized square columns (less than 300 mm). The axial stress
strain response exhibited obvious difference with the increase of specimen size, especially for FRP
confined largesize square columns (larger than 350 mm)e €ffective rupture strain of FRP
generally decreased with increase of column size. Although the specimens in this study were
designed to havihe samedevel of theoretical confinement pressure, the actual confinement was
found to be different for small drarge specimens. It was concluded that the difference of axial
compressive behavior between FRP confined sraadl largesize columns was caused mainly by
the decrease of lateral confinement exerted by the CFRP jatketslilationof concrete at the
mid-side regions was much larger than at the corner regions and the CFRP wrap was unable to

effectively confine concrete dilation at the middle of each side.

Wang et al(2012)found the failure of CFRP jackets of mediuand largesize square
reinforced oncrete columns with height to width ratio of 3.0 to be dominated by deformation of
the jackets at the corner regions where the rupture strain was significantly lower than tensile

rupture strain . The mediurrsize columns were 612 mm in height and 2@ in width. The

Chapter2: Literature Review 52



largessize columns were 915 mm in height and 305 mm in width. Based on the experimental
findings the following modification was recommended for confining presSureas defined in
Eq (2.1).

For mediumsize columns:
Q om0 T (2.15
For largesize columns:
Q ™I " O 8- (2.16)
where” is the volumetric ratio of the CFRP wrap and the shape ficisrdefined Eq(2.8).

Masia et al(2011)found that even for smadlize (as mentioned by Waf2016) concrete
square columns the efficiency of the CFRP wraps will reduce with increase irsentissal size.
The specimens of this study were freinforced, of width equal or less thadOlmm, and had the
same | ength to wi dtdwdyr(\dang ebal 80L6%itmikaryeRocca@2807)Wa n g 06 s
also observed that size of thelumnsgenerally affects the confinement characteristics of FRP
jackets when various other parameters sucides aspect ratio, area aspect ratio, and height to
side aspect ratio remain unchanged. Toutanji €28alL0)found that some stres$rain models
(Chaallal et al. 2003; Harajli and Khaled 2006; Youssef 2004) develapedmallscale
specimengail to adequately characterize the axial ststssin response of larggale columns.

In conclusion, scaling up of smalize cylinder test results from this study can be expected
to give insights into the behavior of largee circular columns with reasonable accuracy.
However, it is most likely that the confinement efficiency in lasge rectangular columns will
reduce significantly because of both shape and size effects. In addition, to achieve the confinement
pressure inthe largesize specimens in proportion to the test cylinders using the same jacket
material might require using large number of plies resulting in increased probability for fabrication
defects. To avoid this, it might be necessary to reconsider the gelejuration, weight density
of the fiber fabric, or even the fibaraterialitself.

2.3.3 Dilation Behavior of FRP Confined Concrete

The effectiveness of external confinement on influencing the damage mechanism of the

internal concrete core subjected to axi al co
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dilation rate, and volumetristrain (Pimanmas and Saleem 2018&).iPs s dio ié the ratia of

lateral to axial strain and interchangeably mentioned as the dilation ratio in literature. Mirmiran
and Shahawy proposed dilation rate, tangent
with respect to axial strain, as atter representation of the dilation characteristics of the internal
concretecore (Mirmiran 1997)Volumetric strain, another measure of internal damage of the
concrete core, is the volume change per unit volume and calculated as the sum of all the strain
components (Mirmiran 1997; Grassl 2004; Pimanmas and Saleem 3@&8f%ection 3.for a

detailed discussion on the effect of steel and FRP confinement systems on the dilation

characteristics of the internal concrete core.

The representation oflilation is important for stresstrain modeling as it facilitates
calculation ofhoop stress fronpassive FRP confinement based on concrete core deformation.
Available literature on dilation of FRP confined circular sections has been extensively reviewed
by Ozbaklaloglu et al(2012) An example of incorporation of dilation behavior for stregain

calculation is provided in Sectidh5.

The dilation of unconfined concrete will be vesyall, up toseventypercent of itgpeak
strength (Chen 1982) durirgial canpression. Regardless of the design of FRP jathetiress
strain response of confined concrete cylinders are wmoless similar to unconfined concrete in
this range as the generated confining pressure is also quite small (ACI 2017; Ozbakkaloglu et al
2012; Rocca 2007). The dilation ratio increases rapidly to a value of 0.5 between seventy percent
peak strength and the final peak strength (Chen 1982). Aftgretilea state of rapid dilation is
reached as the ratio increases beyond 0.5 (Hsu e68)).10 a confinedylinder, the continuously
increasing confinement pressure exerted by properly designed FRP jacket will typically impart a
strain hardening effect on the concrete core. The dilation ratio at the peak concrete compressive
stress may be gificantly different from the unconfinedalue of 0.5 (Pessiki et al. 2001)

Eventually, the FRP will fail in rupture and may cause abrupt loss of strength.

The dilation characteristic afircular concrete specimens confined with carbon and glass
fibers was modeled by Harries and Kharel (2003). Results from tests (Pessiki et al. 2001)-on small
, medium, and largesize circular columns were found to support predictions from this model. In
Har r i es amadel (Kdrrees aad Kbasel 20038lilation ratio—, is determined as a function

of the ratio of principal axial strain in the concrete to the axial strain at peak axial stress of
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unconfined concrete, . . This dilation model (Eg2.17)) and its performance in comparison

to experimental resultd~{gure 2.34) are shown belowThe initial dilation ratio— is taken as

Poi ss o wnf@éecrateat i o

- - 0td @
- e - Q¢ - c- (2.17)
- - Q¢4 ¢
\ I
Light to heavy level of
confinement
1= '\
el
o T‘u YL L L \h
E - rﬁ
o=
. 9 Jacket rupture strain
= envelope (lateral
= strain = 15 )
=
D et reess@Xperimental
Em— Model prediction

0.6€. 2e¢

axial strain, €,

Figure 2.34: Schematic representation and idealization of dilation behévemries and
Kharel 2003).

Light to heavy level of confinement Figure2.34 corresponds to the increase in number
of plies in the jacket and it can be seen that the value of the limiting dilation+ratis,invesely
proportional to the level of confinement provided. Harries and Kh@@03) provided the

empirical relationships for limiting dilation ratio as below
- Mod 1T pcg A£I% Cl MEAAO (2.1
— e I ¢y AIAAOMEIAAO (2.19

where, O is the stiffness of the jacket material.
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2.4 Analytical Modeling of FRP Confined Concrete

This sectiondescribes analytical modeling approaches for axial ssteas behavior of
concrete confined with fiber reinforced polymer composites. It is intended to provide the reader
with necessary background information for the development of new models forimgptur

confinement efficiency of FML composites with yielding capability.

Available literature on stresgrain modeling ofonfined concrete can be broadly classified
into two categoriesb ana-dbyséenst edé-oandntwe@di model s ILam ar
analysisoriented models the interaction between the confinement system and the concrete core is
captured through force equilibrium and strain compatibility of these two elements. Various
equations of the desigoriented models are developed and catdddahrough regression analysis
of axial compression tests of confined concrete (Ozbakkaloglu et al. 2012). Spedéts from

both approaches are discussed in this section.

2.4.1 Analysis-oriented model example

One of the earliestudieson concrete confimaentis the work byMander et al. (Mander
et al. 1988) on the effect of transverse steel reinforcement on thessteéssespose of concrete
columns. Although this study is performed for steel reinforcement, later stress analysis studies on
FRP confind concret e, in general, al so adopt a Vi
approach with relevant explanations for FRP confinement is discussed in the following.

A great number of stress analysgidiesof FRP confined concrete are founded on
Popovic® (Popovics 1973) modehe compression behavior of unconfined concrete or some
modi fied form of it The problem statement o]
complete stresstrain curve of concrete under compression either solely from cosnmes
strength;Q , or from the combination of compressive strength and the measured-straat the
compr essi ve st r en-grairh modeh ¢ivere liy.Popdvitseis mavided & sthe

following equation.

q el (2.20)
i p

wherewis equal to— , "Qis the axial stress, andis a function of compressive strengh of

unconfined concrete. is the axial strain of concrete subjected to compression. This model was
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derived for normaiveight concrete subjected to shtetm loading and with properties of the
aggregates as known. The values'forand- are supposed to be determinedrircompression

tests of concrete. can also be estimated from expressions based on test results. Notice that in

this model, no expression for stress and strain at failure is provided. In the following discussion,

the meaning of ultimate strength ofnomete and compressive strength are different. Ultimate
strength is the point where the cogstrainrcartee i s ¢

Compressive strength is the point wheoacrete achieves its g@le strength

Mander et al(1999used Popovi cs6 mo ddrdincune oftengretd op t |
confined with transverse steel reinforcement. In Mafsdet al. study, axial stres§ of the
confined concrete was determined by repladh@nd- with "Q and- |, respectively’Q is the
compressive strength of the confined concrete -ands the axial strain of confined concrete
corresponding to the compressive strength. A big difference came from how the material property
iwas sel ected. I isrelfen podhe strergth of the chaterial whereas Mander
provided an equation (shown below) that relatés both strength and stiffness of the material.
i L (2.22)
O ©O
whereO is the tangent modulus of elasticity of unconfined concret&ands the secant modulus

of elasticity of confined concrete corresponding to its compressive strergth,

Both™Q and- f or Ma nodet caid® ke determined from the compression tests.
However, to render the model more useful it is desirable that these parameters can be calculated

from known properties of unconfined concrete and confining material.

The expression for is giveninEq.(222.1't was originally devel
al. (1928)from investigation of concrete specimens loaded in compression in one, two, or three
directions atight angles to each other by means of fluid pressure (active hydrostatic loading) and
plain and spirally reinforced concrete specimens subjected to axial compression.

0
- - p UL o) p (2.22
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For calculation ofQ, Mander et al. used a mu#kial failure surface description developed
by William and Warnkg1975)since it provided excellent agreement with triaxial test data. The
equation forQ is given below.

. . X80 1Q Q
Q Q pg vTCcq L Ip 0 c,‘Q

(2.23)

For modeling of external FRP confined concretelike transverse steel reinforcement in
Mander 6 s , differeatlequatiens and selationships that are usedisueally the same
equations discussed so f&q. (2.20) 1 Eg. (2.23)) or someslightly modified forms. The main
di fference between Manderods work on confinem
subsequent studies on external FRP confinement is how tHenezoent pressuréQ is

determined.

In analysisoriented modelsQ is determined by considering the force equilibrium and
strain compatibility between the confining jacket and the concrete core going through deformation.
As such, the accurgmf an axial stresstrain model of FRP confined concrete is significantly

dependent on the representation of the dilation behavior of concrete in the model.

William and Warnke failure formulation (for brittle material in this case) employed in Eg.
(2.23) is an expression for the envelope curve in the deviatoric plane for a certain level of
hydrostatic pressure (described in the Halgastergaard coordinasystem (Che 1988) acting
on an el ement of interest. Hydrostatic pressu
element. In confined concrete, confinement pressure is generated from resistance to lateral
expansion of concr etienature.Regarglase & sost of thel apalysisp a s S |
oriented modelsQ for confined concrete is calculated from the William and Warnke formutation
based equation as provided by Mander €1288) Likewise, the expression fer given in most
of the studies is also usually in the form of E8.22) obtained from tests of concrete actively

confined by hydrostatic fluid pressure.

The justification for usingactive onfinement model$or analysis of FRP confinement
mechani sm i s indepeaden@mmdsumet®rs(JigngaanchTeng 2007; Ozbakkaloglu et
al. 2012). It is assumed for developing stretsain models oFRP confined concrete that the axial

stress and strain at a given lateral strain are the same as those of the same concrete actively confined
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with a constant confining pressure equal to that exerted by the FRP shell. However, in case of high
strength conate or relatively weak FRP confinement, stresain modeling based on this
assumption was found to result in significant deviation fronobserved behavior (Ozbakkaloglu

and Akin 2012; Ozbakkaloglu et al. 2012; Xiao et al. 2010).

An analysisbased preiction model developed by Spoelstra and M¢h899)is used to
calculate the stresstrain response of the confined concrete cylinders in this project and discussed

further in Section &

2.4.2 Design-oriented model example

The desigroriented models are inegeral better performing than the anahmiented
models in predicting the ultimate conditions provided that they are calibrated to a large number of
testresults (Ozbakkaloglu et al. 2012)zbakkaloglet al. (2012)evaluated the performance of
68 strassstrain models for FRP confined concrete which included both anabysik design
oriented models by predicting the results of 705 tests for ultimate strength and 527 tests for ultimate
strain. It was concluded that models by Lam and T@93) resultedin the most accurate
predictions for ultimate strength enhancement.

Lam and T esmagndnsdel svasrpmposed for confined concrete that exhibits an
ascending response or strain hardening behavior after yielding as illustritgdra®.35 (a). For
a postyield ascending response, the ultimate compressive stré&ngtt the confined concrete
and the compressive strength of the confined a&? are the same. Likewise, the ultimate
axial compressive strain and axial compressive strain at compressive strength are also the

same. The proposed streggin model of Lam and Teng is discussed below.

(b (c)
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Figure 2.35: Classification of stresstrain curves of FReonfined concrete; (a) strain
hardening, (b) strain softening with  "Q, (c) strain softening witfQ ~ "Q..
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Lam and Tengcharacterizedhe stressstrain response of FR&bnfined concrete as a
parabola for the prgielding response and a straigimte for the posyield responseRigure2.36).
This model is a modified form of a strestsain model originally given by Richard and Abbott
(1975) It is also emphasized that ultimate conditions be calculated based on actual hoop rupture

strain instead of rupture strain observed in tensile téstegacket material (see Sectio’.2).

stress o

(ENV 1992 1991)

— FRP-confined
concrete (Proposed)

|
|
|
|
|
|
— Unconfined concrete |
|
|
|
|
I
I

Axial

Axial strain ¢,

Figure 2.36: Proposed stresstrain model for FRP confinembncrete (Lam and Teng 2003)
The expressions for the strestgain response are given below.

0O ©
N 0- @ —— . - - 2.24
Q O 0 Tt (2.24)
MM Q O- - - - (2.25)

where Qis the intercept of the stress axis hg tinear second portiofrigure2.36) which can be
considered as the compressive strength of the unconfined coff@retdne parabolic first padn
meets the linear second portion with a smooth transitien athich is given by
¢Q
O ©

(2.26)

whereO is the slope of the linear second portion, given by
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0O

2.27)

where™Q is the compressive strength of the confined concrete anchn be considered as

axial compressive strain at compressive strength.

Si mi | ar tnodelMMamdereet a.%88), the ultimateonditions,’Q and- , in
Lam and Tengo6és model i's also derived from

confined by active hydrostatic fluid pressure.

The expression for peak compressive strerigthis given in Eg.(2.28) where the

coefficient 3.3 was obtained from regression analysis of a database compiled by the authors.
Q. Q o®Q (2.28)
The expression for is given below.

. . O o -
. - SO - 2.29
0w Q o v - (2.29

Where- s the rupture strain of the jackets the normalized ultimate axial strain of unconfined
concrete,Q is the strain enhancement coefficiédt, is the secant modulus of elasticity at the
compressive strength of unconfined concrete, R isati@s of the concrete cylindérandf are
the analytical parameters to be determined. If valuesapidi are taken as unity, E(R.29) takes
the following formof Eq.(2.30) which is basically the same as ERB22), the expression for
used i n Man deandisvalues0d8eahd,5, rdsmectively. For further analysis in this
study,- will be considered as the average rupture stratheoconfining jacket.

. Q

equ

The value of was selected as 1 to consider the effect of stiffness of the jacket materials.

I was determined from regression anayand the final fornof Eq. (2.29) is shown below. Here,

the value of 1.75 foc means that the ultimate strain of unconfined concrete was considered as

1.75 times thevalue of- . Lam and Teng considered 0.002 for for which the ultimate strain

of unconfined concrete was calculated to be 0.0035 as shdvigure2.36.
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2.5 Effect of JacketMaterial Yielding on Confined Concrete Behavior

Comparative analytical works on the effect of steel and FRP confinement on the dilation
characteristics of concrete core is reviewed with a view to understanding the effect of FML
confinement system. FML exhits monotonically ascending bilinear strasssain response in
uniaxial tension (see Section22l) which can be considered a combination of linear elastic
behavior of FRP and elastic perfect plastic behavior of steel. Discussion in the following studies
will reveal that concrete core with an FML confining jacket can reasonably be expected to exhibit,
unlike high strength FRP jackets, a compressive axial sitema response with a clearly defined

yield point and relatively small poegteld stiffness vale.

Spoelstra and Montf1999) compared the confinement mechanism of FRP with steel
assumed to have elasperfect plastic stresstrain relationship using a strestsain model
developed for FRP confined concrete. The thickness of the CFRP, GFRP,anackets were
selected such that the volumetric ratio of all the jackets with respect to the confined concrete are
the same. The behavior of the confined concrete with different types of jackets and the confinement
effectiveness of the jackets are prasdnn Figure 2.37 andFigure 2.38. It can be obsrved in
Figure2.37 (a) that the FRP confined concrete sk@n evetincreasing branch for the selected
jacket configurations whereas steel confined concrete after reaching the peak strength aexhibit
descending response. The ultimate axial strain of the FRP confined concrete is comparable to or
even greater thathat can be obtainedsing steeljackets regardless of the low values of the
ultimate strain of the FRP jackets.

The slope of the initial regions of the lateral strain versus axial strain curivggine2.37
(b) indicates to the degree of initial lateral deformation of the confined concrete. The curve
corresponding to the GFRP confined concrete starts with a higher slope but remains constant until
thejacket fails. The meaning of a slope higher than other confining jackets means that initially the
lateral deformation of GFRP confined concrete is higher than other steel and CFRP jacketed
concrete. Steel and CFRP jacketed concretes have similar ilmpaksbut after yielding of steel
jacket the confined concrete exhibithagh increase in lateral strain. In contrast, CFRP jacket

reduces the initial lateral strain, but it is effective only up to its relatively lower ultimate strain.
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Figure 2.37: Modeling of behavior of concrete confined with steel, CFRP, and GFRP: (a) axial
stress versus axial strain; (b) lateral strain versus sixah (Spoelstra 1999)

The lateral stress versus axial strain pldthe confined concrete specimens are plotted in
Figure2.38 (a) to show the confinement effectiveness of different types of jackets. Steel jacket
exers a higher lateral stress than CFRP and GFRP but after yielding the lateral stress remains the
same whereas lateral stress exerted by CFRP and GFRP continues to increase until failure. In
Figure 2.38 (b), jacket effectiveness is expressed in terms of the ratio of lateral stress to the
corresponding axial stress. In this cake,effectivenessf steel jacket seems to increase to some
extent after yelding (of steelsinceafter peak strength is reached concrete reqlovesorce for
continued deformation. GFRP seems to be a more preferable jacket material to CFRP as, for this
definition of effectiveness, the performance of both GFRP and CFRifralar, but GFRP is able
to sustain higher amount of deformation.
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Figure 2.38 Comparison of confinement effectiveness: (a) effectiveness as exerted lateral stress
versus axial strain; (b) effectiveness as ratio of lateral stress to axial stress versus axial strain
(Spoelstra 1999).
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Mirmiran and Shahawy1997)compared the effect of confinement provided by steel and
FRP jackets with respect to the dilation rate. At the low level of loading, dilation rate of concrete
will remain mostly unchanged as lateral expansion corresponding to axial compression will be
very low. However, dilation rate will increase sharply when internal cracks stdevedop,and
the concrete core expands rapidly. The lateral expansion will activate the external confinement
which will arrest further increase in dilation rate and stabitize a lower value. Ifrigure 2.39,
normalized dilation rate on top and normalized confining pressure at the bottom is plotted against
the axial strainof concrete. The end of the normalized dilation rate curve corresponds to the
ultimate axial strain of the concrete specimédnean be seethatboth confined and unconfined
concrete have a stable dilation at the beginning up to moimtafter point & Ghe dilation
unconfined concrete starts to increase sharply and becomes fully unstable or unmeasurable much
earlier than confined concrete. Steel confined concrete can reach the same dilation rate value as at
the peak of FRP confined concrete; howether confining action starts to become ineffective after
the yielding of steel jacket at poimaind the dilation rate increases sharply. Ciénge b doe KRB
confined concrete illustrate that near the peak strength of the concrete there is a sudden increa
in the dilation rate or deformation of the cylinder; however, the corresponding increase
confinement pressure from the FRP jacket is ablsuccessfully reduce the dilation rate and

increase the deformation capacity.

Steel-Encased

e o d f!
¥
Unconfined * ’

Steel Jacket

f/f

r'm

Figure 2.39: Schematic dilation curves for steel and FRP confined con@vieteiran 1997)
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The relationship of axial to volumetric strain of confined concrete can be characterized by
initial volumetric compaction and subsequexyppansion upon formation of internal cra¢kigure
2.40) (Mirmiran 1997; Grassl 2004However, CFRP confinement system exhibits a rebound as
the dilaion of the concrete core leads to increasing confinement until the maximum stress of the
CFRP is reached. The confinement pressure exerted by the steel jacket remains the same after

yielding, as a result subsequent volume contraction is not observeelicafinement systems.

&, [mm/m]

20
--#-- CFRP confined

Steel confined

15 1

10
volume

5 | expansion

A
-5 qvolume 4
contraction
’]O T T T
-40 -30 -20 -10 0

033 [mm/m]
Figure 2.40: Typical volumetric strain vs. axial strain relationship for steel and CFRP confined
concrete (Grassl 2004)

2.6 FRP Material with Pseudoductile StressStrain Response

Motivated by potential applications in seismic and blast resistant dessgnumber of
researchis havefocused orhybridizing the fiber reinforcementso enhance the ductility and
energy dissipatiocapacityof FRP retrofitted structurahembergDeng and Qu 2015; Grace et
al. 2004; Hain 2019; Ribeiro et al. 2018; Ribeiro et al. 2018; Safri et al. .2@d8jtionally,
through hybridizationthese studies also attempt to preventaiweipt and/or explosive failure of
FRP confined compression membandto increase the strain efficien¢gee Sectior2.3.1) of
the confining FRP materialddybridizationusually means thatifferent types of fiber fabric will
be usedht different layers of the FRRRminate (Ribeiro et al. 2018; Ribeiro et 2018) or the
fabrics in the FRPlaminatewill be formed by weaving fibers of different types of materials in

pattern and spacing of a certain design configuration (Grace et al. 2004)

The basic principle behingybridized FRP systemsthata combinatiorof low and large

rupture strain fibers will be useahd the low rupture strain fibers, usually with higher strength,
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will fail earlier and theest of the large rupture strain fibers will continue defornahthe same
level of loading.Therefore, a psewdductile stresstrain curve can be achievech er e t-he Oy i

p o i cart bé identified at thiailure locationof the low rupture strain fibers

Graceet al.(2004)havedevelopedhybrid fabricpreparedy weavingultra-high modulus
low elongation carbon fibersf 0.35% failure strainhigh modulus medium elongation carbon
fibersof 0.80% failure strainandhigh elongation Eglass fiberof 2.10%strain in both axial and
off-axis directionss shown ifrigure2.41. The oftaxis fibers were considered for improved shear
performance of the retrofitted flexure membdiise tensildoad-strain responsof this fabricin
Figure2.42 show thata significant reduction in the slopeas achieveafter about 0.35% strain.
Thi s 6yi e thacdonsgnuence of failure sf thitra-high modulus, high strength, and low
elongation carbon fibemshile the other low strength and higher elongation fibers remained intact.
As such, an-dauwdridleld dvmstauchuataEplicatiend)is fabric exhibited
satisfactoryperformancdor beam strengthenings can be seen Figure2.43. Compared to the
control beam, the loss of ductliin the retrofitted beamwas not considered significafithe yield

load increased substantially and was approximately equal to the ultimate load

HE Axial yarns
(E-Glass fibers)

s i
B |E Axial yarns
(Ultra high modulus carbon fibers)

pompms | MIE Axial yarns
(High modulus carbon fibers)

HE Diagonal yarns
(E-Glass fibers)

[ ME Diagonal yarns
(High modulus carbon fibers)

34 mm

Figure 2.41: Triaxially braidedhybrid fabric developed by Grace et @004)
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Figure 2.42: Axial and diagonal tensile@hdstrain response difybrid fiber fabric developed by
Grace et al(2004)
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Figure 2.43: Load-deflection performance comparison of control beamhayilid FRP
retrofittedbeam (Grace et al. 2004)

Example stresstrain responsand strengthening performance BRP laminates with
interlayer hybridizatiorirom studies performed by Rebeiro et@018)are shown irFigure2.44
andFigure 2.45. A yielding response due to the failure of tbarbon fibersoccursearlier than
glass fibersn the laminates. It was claimed that ttig-zag shape of the pegield behavior was
due to thdocalized delaminatiobetween glass and carbon fibarsund multiple crack locations
of the carbon fiber layer#\s shown inFigure 2.45, stressstrain response afoncrete cylinders
with low postyield stiffness value could be achiev@the abrupt and explosive failure mode of
the concrete cylinders was avoided. It w0 daimed based on test observations that the strain

efficiency of the FRP confinement jackets can be increased through hybridization.
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Figure 2.44: Tensile stresstrain response of FRP coupons made of cafibenlayers in
between double (left) and single (right) layers of gfdsss (Ribeiro et al. 2018)
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Figure 2.45: Performance of concrete cylinders confined with FRP jackets made of carbon fiber
layers in between double (left) and single (right) layerglads fibers (Ribeiro et al. 2018)

Anotherexample of interlayer hybridization combination of uniaxial steeilfer fabric
with glass fber layer for preparation of concrete filled FRP tubes (ClBlyHain (2019)as shown
in Figure2.46. The combination of steel amglass fiber layers for the external jacket waed to
increase the energy dissipatibaehavior of CFFT columns as using steel reinforcement in CFFT
is very difficult fromthe construction perspectivehe CFFT specimens werellsjected to half
cyclic four-point bending tests itwo different end conditions, capped and uncapped, as shown in
Figure2.47. It was observed in thiests thathe steel fibers careduce the stiffness degradation in
consecutive loading cycles compared to the CFFT specimens watmpsteel fibers in the shell.
The residual drift of the specimem&reased with increase of the steel fibers in the shell. Therefore,

optimization of steel fiber volume in the shell was recommeihale@drget energy dissipation and
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recenteringperformance criteriadBased on the observationthat® i s son o6 secappedi o f o
specimensvashigher than thencapped specimeniswas assumed thtie confinement pressure

will be impacted by the end conditions of the speciméaslitionally, it was foundthat the

position of neutral axis remaimgar the centerline in spenens where theelative displacements

between shell and coege allowed (uncapped) unlike the capped specimens where the neutral axis

repositions closer to the compression side.

Load Cell Spherical Bearin,

b)

UHPC Cap Loading Roller

Saddle Bearing

457 mm
i

_\| ’ 1600 mm

- 1372 mm

7

Figure 2.47: Schematics (top) anekperimental setup fayclic four-point bending testfo
uncapped (lit) and cappedright) CFFT specimens.

Unlike the pseudaluctile stressstrain behavior of hybrid FRR relativelynew type of
fiber namedoolyethylene terephthalate (PEWhich exhibitsa monotonically ascending bilinear
response and failure strain value of 10%asbeen investigated for FRP confinement of concrete
cylinders for the same reasons as aforementioned for hybrid FRP systems (ElGawady 2014;
Pimanmas and Saleem 2018). PET F&tfinement haveen demonstrated to successfully
restrain the unstable dilation afacked concrete cylinderslowever, the modulus of elasticiby
PET FRP isl0 GPa(MaedaKosen Co Ltd., Japanwhich is substantially smaller thatihat of
GFRP or CFRPAs a result, the lateral dilation of PET FRP confined concrete is significantly
higher than GFRP or CFRP confined concr@&ecause of higher laterdllation, the value of
Poissonbs ratio and peak dilation raFRP i s al

confinement systems.
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2.7 Research Needs

(1) There is a scarcity of published research work on FML application for concrete
confinement In generaljt was noticed thaéxamplas of FML application for structural
engineeringourposewasrare Therefore, there is a potential for investigation of FML as

confinement device, retrofit of flexure members, or for design enhancement in general.

(2) Very few analytical studies on the effectaif external confinement system, that have
yielding capabilities, on the axial strestgsain and dilation behavior of concrete specimens
have been performed. It also appears that anlgw experimental data for behavior of
concrete specimens with this sof external confinement devise has been reported. In
contrast, there are a great number of experimental and analytical investigations for external

elastic confinemergystemdor concrete members that are available.

(3) Hybrid FRPsystems have been demont&dato increase the ductility obnfined concrete
memberdo some extent. However, thember ofpublished researabn this topic is very
small. The pseuddaluctility of the hybrid FRBystems is achieved from the ruptufehe
fibers. The sudden energy release frahe rupture of the fibergauses uncertainty
regarding the@ostfracture performance of the systasthe fracture locaticand its effect
on the remaining fibers and bondirgdifficult to predict It is necessary tmvestigate
whether a true ductile responsen®de achieved through incorporation of metal sheets in
the FRP systems.

(4) It can be expected that, like FRP, the deformation behavior of tubular FMLs in hoop
direction will be different than as observed in plaRBRIL specimens in uniaxial tension.
The characteristics of FML jackets for concrete confinement and any differences from the
strength and deformation properties observed tensile coupon tests need to be fully
understood. Thus, as noted above in point @egmental studies on compression tests on
concrete cylinders confined with FML jackets are necessary to realize both concrete and

FML deformation behavior.

(5) The majority of the published tensile test results of FMLs are for coupons cured in
autoclave chandr or ovens, suitable for aircraft applications. There is not enough data on
the mechanical characteristics of FMLs cured in room temperature and with low pressure

application.
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3 Overview of FML Lay-ups andMaterial Properties

3.1 Overview

This chapteprovides aroverview of theFML lay-ups and constituent material properties
whicharethe basis for thexperimentainvestigationdescribed in ti$ thesisThe basic parameter
for the test programarethetype, orientation, andrchitectureof the fiber layers used in the FML
lay-ups. Different Eglass fabrics were used to control the postd stiffnessand ductility
characteristics of the FMLs[he type of aluminum sheets and the epsygtemwere held
constantFirst, a discussion of the FMand FRHay-up schemeand their naming conventions is
presentedThisis followed by a descriptionf theconstituentnaterial properties used to fabricate
the compositesThe chapter concludes with a geneatakcriptionof the preparation procedure
used to costructthe FML composites studigtroughouthis research

3.2 Selecton of Materials

The aluminum sheets, glass fibers, and the resin systethin this researchereselected
for their formability, ductility, and viscosity properties, respectiv@ljuminum 2024 T3 sheets
were selected because they are commonly usedaspeece FML applicationsnd are regarded
for their strength and ductilityGlass fiberfabrics wereselected instead of carbon fifabric as
they arerelatively lowcost, exhibit higher ductility, and do ncausegalvanic corrosion of the
aluminum sheetsl'he Fibreglastnfusion epoxy resist system waslected for this research as it
shares similapropertiesas the epoxy resins usedmmerciallyfor largescale FRP retrofit of

infrastructure.

3.3 Description of Lay-up Schemes

The FML compositestudied in this research consistgrhde 2024T3 aluminum sheets
bonded toglass fiber fabricausing atwo-part epoxy resin.Figure 3.1 describes the naming
convention used to describe the FML-lgly schemesAdditionally, anothenaming convention is

also usedor ease of discussion as showrigure3.2.
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A total of sixFML lay-ups were designed, manufactured, and tegtié&ML lay-ups were
designed to have an outermost fiber layer that would bridge over the aluminum splices and prevent
a premature bond failure dfeconfined FML jacketsFigure3.3 shows a diagram describitige
various FMLIlay-up schemesnd how they will be compared and crassrelated to assess the
influence of FML stacking sequence on confined concrete behavior. Three additionahiyRP

lay-ups will be investetb provide a qualitative comparison of FRP and FML performance.

[0/90]W Al [0/90@_’ Fabric layer architecture fwoven); no superscript if nen

woven)
_— 95—
Ply 1 Ply2 Ply3

| c | » Fiberlayer orientation ([Ounidirectional single ply fabric;
[0/90]-bidirectional fabric;

Aluminum 2024T3 layer [+45]-bidirectional offaxis fabric)

Figure 3.1: Naming convention for a typical thrégyer FML lay-up scheme.

[0/90]* Al[0/90]* Al[0/90]

3/2 [0/90]w
l_Y_J

Base FRP layer

Number of Al layer

v

Number of FRP layer

Figure 3.2: Alternate naming convention for a typi¢hteelayer FML layup scheme.
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Lay-up scheme Investigation Focus

Maximum strength Fabric architecture:

[0]. AL [0O] performance woven and non-
woven
[0o/90]™. AL [0/90]Y T I
Fiber orientation
[£45]". AL [+45]¥ $
[0/90]. AL [0/90] T \V

Fiber orientation

[+45]. AL [+45] t

v

Fabric architecture:
plain weave and

[0/90]*. AL [0/90]" . AL [0/90]¥ kit type

0/901%
(079013 Strength of FML:
Qualitative varying number of
v comparison of layers
[0/90]3 FML and FRP
[+45]

Figure 3.3: Diagram illustrating how FML layip schemes will be compared and cross
correlated tassess the influence of FML stacking sequence on confined concrete behavior.

Figure3.3 also shows how the various schemes will be compared andamostated to
understand how FML stacking sequence affects the mechanical characteristics of confined

concrete. A summary of these comparisons is as follows:

1 The o at lay-up with unidirectional fibers and is expected to achievaitjlgeststrength

compared tall otherlay-ups

1 The Mwm 6 0wt and T L 0 & T L lay-ups are intended to study the effect of
fiber orientation in plain weave fabrics. Similarly, thdw ™ Gfwmand T VO & T U

lay-upsand is intended tstudy he effect of fiber orientation inonwovenfabrics.

1 Potential effects related to differencesvaven and nofwovenfabrics will be investigated
by comparing the results of thefw m 0 Gtfw 11 lay-up to the T™w ™ Gfw Ttlay-up,

andthe Tuv 0 a T UL lay-uptothe T UVO & T vlay-up.
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1 The effect of number of plies will be investigated by comparing results for-tafree FML
configuration Tfw T O 0fw T 0 GFw T against the results of a thryer FML

configuraion T¥w T 0 OUW TT .

{1 In addition, thredayer tffw 1t , threelayer 1 v , andfive-layer Tfw 1 FRP layups
will be tested tgrovide a comparison against trraead fivelayer FML behavior.

Figure3.4 provides further examples of the stacking sequence and nomenclature of the FML

lay-ups.

I Aluminum layer (Al)
[HHH FRP Layer with (0/90) bidirectional glass fiber (F)

90

| y

(axial load direction)

Resin matrix in the FRP layer

Fiber transverse to the loading direction

Loag carrying fiber

terF)

Gross thickness

(b)

Gross width

Figure 3.4: Definitions and nomenclature for FML layps shown by the example of
Tw T 0 odw Tt 0 afw 1t (a) layup, (b) crossection.
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3.4 Material Properties

3.4.1 Aluminum

Thin duminum sheets ofjrade 202413 were selectedbr this research because they are
commonly used in aerospastuctures fabricatedith FML compositegseeSection 2.2.%or
more information on typical aerospace FML stacking sequgnédsminum sheets were
purchased from a local supplidtive rectangular coupon specimens were prepared from these
sheets and subjected to tensile testing following ASI3039 (ASTM 2017) The thickness of
the tensile coupons was measured in three different locations with a digital caliper before testing.
The average gross thickneekthe five couponswas 0.8 mm. The weight of all the specimens
was measured usingbalanceprior to testing The averaggolumedensity of the specimens was
calculated to be 2.57 g/énwhile the average aredénsitywas1100 gm?.

A representative uniaxial tensile strestgain curveobtained from the 20243 aluminum
is presented ifrigure3.5. Table3.1 provides a summary of tteverage mechanical properties of
the tensile couponsased orfive replicates The yield point of the specimens was determined
based on thantersectionof the slopes of the pr@nd posilyield regions of the stresstrain curve
as illustrated irFigure3.5. Average yield stress and strain of the specsneere246 MPa and
0.47%, respectively. Average modulus of elasticity andyest stiffness were found to be 61.9
GPa and B GPa, respectively. Thgpecimens on average sustained an ultimate stress of 363 MPa

and the average strain at failure was oleseto be 5.0%.
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Figure 3.5: Uniaxial tensile stresstrain response of Aluminum 2024.
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Table 3.1: Uniaxial tensile stresstraincharacteristics of Aluminum 20283.

'V'Of')‘f"us Yield Yield  Postyield Ulimate  Ultimate
Property elasticity strain £,  stressq, stiffnress  strain £, stressd,
[0)
~ (GPa) (%) (MPa) [} (GPa) (%) (MPa)
Average value 61.9 0.47 246 1.6 5.00 363
Coeflicientof 5 go, 4.23% 3% 3.9% 10.00% 5%
variation

3.4.2 Glass Fiber Fabris

Table 3.2 summarizeghe mechanical and geometric propertiestius threetypes of E
glass fiber fabricstudied in this researckalassfibers were selectedecausehey canundergo
larger strains compared toarbon fiber, which is believed to provide improved potential for
ductility in confined concrete membeilsformed by typical GLARE stacking sequencesthb
bidirectional onraxis and offaxis fabricswere used in this study imdditionto unidirectional
fabrics The fabrics wereselectedo that they have similarealdensityto eliminate this parameter
from the experimentdhe selection of fabric type and orientatiwwasinformed by typical FML
stacking sequences usedgrospace applications. For exampiedirectional 1t fabricwasused
in preparation of GLARE 1 and 2 designed for fatigue and strength characteristics. Bidirectional

T w Ttfiber fabricswereused in GLARE 3 which is specifically designed for improvaitigtie
and impact characteristids. t v fiber fabricwasusedasin GLARE 6 to obtain better shear and

off-axis properties (See section 2.2.2).

During specimen preparatiooif-axis T v and Tt vfiber orientations were achieved
by simply otating the onaxis Tfw 1 and Tifw Tt fabrics respectively As such,dry fabric
properties fortTfwm and 1 v , and TWw mand T v are the samd=or the same reason,
manufacturer data forthe t v and T ucured laminates are not availabléne manufacturer
data for Tifw 11 cured laminates were obtained from coupons made Sikadur® Hex 300
epoxy andor Ttfw Ttcured laminates were obtained from coupons madepeiyester resin in

open mold methodlhetechnical data sheets for all dilpdr fabrics are provided ikppendix A
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Table 3.2: Properties of dry fiber fabrics and single layer composites.

Experimental data

Data provided by manufacturer Cured laminate properties

Dry fabric properties

Cured laminate properties

Elastic Phase

Areal Areal 0o Areal 0
density density 0 0 (mm) density O (GPa) - (%)
(mm)__ (gim) @m) ) (P (g/m?) (MP2)
0.40 35.50 2.40 635
i 435 i - i @82%) O (8.09%) (9.2%) (4.10%)
0.33 12.00 1.62 200
o128 35 i T 1500 2.20%) 298 (3.80%) (5.1%) (2.4%)
: ) ) ) 0.38 484 4.12 0.88 21
(3.56%) (5.70%) (10.2%) (9.6%)
0.39 15.45 2.72 411
0430 405 740 37 19.44 ©@21%) ©°10 (7.80%) (5.4%) (13.7%)
: ) ) ) 0.40 642 4.06 0.78 25
(5.48%) (2.80%) (10.5%) (14.5%)
* - data not provided by the manufacturer.
Chapter 3:0verview of FML Layups and Material Properties 77

Pseudoinelastic Phase




3.4.3 Polymer Matrix
The matrix used throughout this reseavehis the Fibreglast System 4500 (FibreGlast

2020) epoxyresin. The primary reason for using this guot wasits relatively low viscosity,
beneficial for hand layip preparation of FML and FRP specimens, as well as having siuijar
cured mechanicalproperties as aerospace grade resins used for campoanufacture (i.e.,
HexFlow infusion resin (Hexcel 2018According to manufacturer specifications, this epoxy has
a has a viscosity of 1000 cps at 77 Fahrenheibayass transition temperature in the range of 72
i 96 °C.

As specified in the produdiata sheet (FibreGlast 202@jth the System 4578 hardener
(curing agent), the pot life of the prepared resin is 70 minutes. The curing time for the resin is
about 24 hours at an ambient temperature of about 77 Fahrenheit, after which it is safe¢o remo
the specimen and perform cutting or trimming if necessary. The fully cured state of the resin
system with the supplied hardener can be achieved in 4 to 6 days at normal room temperature. This
rate of curing was particularly suitable for this study, asspecial temperature curing was

required.

The level of curing of the resin system was determined using Differential Scanning
Calorimetry (DSC). DSC tests were performed using a DSC Q&gieémfrom TA Instrument
at2.0minutes and 7 days after the resias prepared. The weight of the samples used for testing
was 10 mg. Aluminum hermetic pans (Tzero pans, TA Instruments) were used for placing the
epoxysamples and as reference. The heating rate w&Jrih within a range of50 to 300C

temperature. fie heat flow versus temperature DSC curves are preserfeglne3.6.
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Figure 3.6: DSC curves for Fibreglast System 4500 infusion epoxy resin with SystermA4570
hardener at 2 minutes and 7 days after mixing.

The enthalpy of the reaction between the two parts of the epoxy system and the level of
curing in the system are reportedliable3.3. Theresin systenachieves 83% curing aftérdays.
The enthalpy of the reactio®Owas estimated from the heat flow versus time curves obtained
from the DSC instrument. The area under the exothermic region of the heat flow versus time curve
was calculated using trapedal rule and the value is reported as the enthalpy of the reaction.

Based on these values, the level of curing was calculated usi(8 Bg.

. YO
Pwoi @ matp 0 (3.1)

Table 3.3: Enthalpy and level of curing of the epoxy resin system 60 minutes and 7 days after
mixing of two parts.

2 minutes after mixing 7 days after mixing
Enthalpy (J/g) 626 108
Level of curing 0% 83%

To ensure that all FML and FRP specimbaadthe same level of curing, uniaxial tensile
and single lap shear tests were performed exactly 7 days after specimen preparation. Compression
tests ofconcrete cylinders were performed at least 30 days after preparation of the confinement

jackets.

Chapter 3:0verview of FML Layups and Material Properties 79



3.4.4 Fiber Reinforced Polymer Composites

Uniaxial tensile tests were performed on single layer FRP specimens preparategrom
fabrics mentioned ifable3.2 and the epoxy resin discussed in Section 3.4.3. Average thickness,
areal density, volume fractionandthe tensilestressstrain chareteristics of the tested specimens
are presented ifable 3.2. Fiber fractions of the stitched fabric composigs90 ] and f45])
were calculated using a fabric tkiess of 0.15 mm in consultation with the manufactufey.
parameters describing the tenslkeessstrain relationships were extracted from the test results
shown inFigure3.7. The parameters consists ‘6f;, themodulusat the elastic region of tletress
strain curve; , the strain at failure/pseudaelding of the FRP specimen¥) , the stressat
failure/pseudeyielding of the FRP specimeriS;, themodulusat the posyield region of the load
strain curve- , the strain at failure of the FRP specimens; &d,the stressat failure of the

FRP specimens
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Figure 3.7: Comparison of the uniaxial tensBé&ressstrain response for (a) axis and (b) off
axis single layer FRP specimens.

It can be seen irFigure 3.7 (@) that the unidirectional 1 FRP specimens exhibit
significantly higher strength and stiffness thaidirectional woven and nonwoven FRP
specimensTheunidirectionas pe ci mens al s o e xdathérultimate stréngth.g ge d 6
This is because all the fibers in the crgsstion do not necessarily fail simultaneously, rather the

mode of failure igprogressivan natue. The 435 g/nt unidirectional fabric, which has 98% (by
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weight) of the fibers oriented towards the loading direction, are made of glass fiber tows that are
held together by stitching fibers (2% by weigh®n the other handthe 325 and 405 fg?
bidirecional fabrics 1fw 11 and 1w 17 consisted of 50% of the fibers in the loading direction
and the rest in the transverse directibime tow architecture of thenidirectionafabric, as opposed

to a planar distribution of the fibexrsan causa norruniform distribution of fibers and resin across

the width of the tensile coupons resulting in stress concentratidhe tow boundarieand,

consequentiallyfower ultimate strain tharmifw Ttspecimens

The weaving of fibers in the fabric also apfsaa substantially reduce the stiffness and
deformation capability of the specimens adw m FRP exhibits lower fracture strain and
stiffness thantfw IFRP specimen@-igure3.7 (a)). It is possiblehatthe undulated formof the
fiberscontributes to reduced strength and deformation character@hdsie contraryhalf of the
load carrying fibers in the stitchedtfw 1t specimens are fully oriented towards the loading

directionand thus exhibit higher strength and deformation capacity.

It can be seen iRkigure 3.7 (b) that with offaxis fabrics, the stiffness and strength of the

FRPs are reduced significantly when compared to the FRPs witki®fabrics. With the T v
orthe T vorientation, there are no continuous fibers running from one crosshead to tha other
the test apparatug\s such, the strength of specimens results from resistance to change in the
internal structure anidternal load transfer between fiber and re$ime postyield response of the

TUFRP is characterizetl bysdruegulbSobtadnheaks at
contrast, T v FRP shows a regular monotonically ascending-p@sti response and fails at
about8.0% strainnBot h sets of speci mens exhlkbduttied a di
metalsduring the tests
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Close upphotographof the prepared specimens and their respective failure regions are
shown in Figure 3.8. Observations made regarding theluie@ of the FRP specimens are

summarized below

1 1 FRP specimens showeftactureregionsoriented in the vertical directiomhe

failure of thespecimens primarily initiated at the tow boundaries.

1 Both fw t and 1w TTFRP specimens showed hamtal failure region caused by

the fracture of the longitudinal fibers.

T A distinctive likédeitekmetalg @and exeegsive out of plane
deformation was observed in thet v FRP specimens

1 T U FRP specimens exhibited failure region parallel to the fiber orienteéiosed
by separation of the fibgrThis type of failure can happen from failure at the fiber

matrix interfacefailure at the matrix, or a combination of baihenomena
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Figure 3.8: Prepared FRP specimens and tfegiure region.
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3.5 Preparation of FML specimens

The constituentmaterialsand thepreparatiorprocedureused for the FML specimens were
selected to minimize the cost of productasrdmaintain consistenayith typical civil engineering
composite fabrication practicegnlike the aerospace industry, FML retrofits for infrastructure
applications cannot be treated as individual parts to be made using dedicated molds in a production
facility. In civil infrastructure applicationshé desigrof an FML retrofit will vary based on the
dimensions of the structural members and the load requirements iapgacation Moreover,
setting up an autoclave chamber @monstruction site will also be logistically difficult and
prohibitive from a cost perspective. As suchl] FML compositesn this researchvereprepared
using handay-up of individual resin saturated layers followed by room temperature curing. This
constuction technique was selected because it closatylates thdypical FRP application
techniques used in civil infrastructure repandrehabilitation (E{Hajjar et al. 2013)A general
sequence for the preparation of the specimens is presented Arlimwestigatiorregardingeffect
of surfaceroughening of thaluminum sheestand addition of silanéo the resin systenon the
mechanical performance of the Fivihs mentioneth the following preparation sequeneell be

discussedn Chapter 4.

1 All the metal sheets and the glass fiber layers were first cut from larger stock into

panels ofL00 mm x 305 mn(for tensile specimens) or oth@esired dimensions

1 Both sides of the aluminum sheets were sanded wsDEWALT random orbit
sander (DWE6421) attachedth DEWALT 150 grit orbit sandpaper (DW4304).

1 The aluminum sheets were then wiped clean with an acstmaiexd cotton cloth for

degreasing and removal of dust patrticles.

1 The Fibreglast system 4500 eperesin was mixed with the Fibreglast system 4570
A hardener in a mix ratio of 100:22 by weight. Silane was mixed into the epoxy resin

in an amount of 3% of the epoxy weight.

1 The metal and resin infused fiber fabric layers were placed on top of each other in
the desired stacking sequence. Epoxy resin wakedpijp the fiber layers using a
bristle brush to saturate the FRP layers. Light coatings of resins were also applied to

the metal surfaces next to the fiber layers.
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1 Thin polyethylene sheets were placed on top of the working surface and on top of the

prepaed specimen for easy removal once the resin was hardened.

1 Flat steel plates were placed on top of tensile specimens to apply a uniform pressure
of 13 kPa. M pressure was applied on the single lap skpacimens and FML

jacketed concrete cylinders.

1 The pepared FMLs were allowed to cure at room temperature conditions for seven

days at the minimurafter whichspecimensvere cut andandedas necessary.
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4 Interlayer Bond Characteristicsof FML

4.1 Overview

The objective of thexperiments described inishchaptemwereto investigate thanfluence
of aluminum surface roughening and adding silane to the resin sysidhe interlayer bond
characteristics of FMUay-ups. As wasalready discussed in Section 2.2.5 and Section 2.2.6,
improved interlayer bondingpetween metal and fiber layers is important in maiigin
mechanical strength of the FML atrdnsferringforces over FML lap splice jointdlaintaining
the strength oFML lap splice joints is particularly important for the FML jackets used to confine
concrete cylinders because the jackets must be asseondhedmultiple metal and fiber layers.
To erhancebonding between the aluminum and the FRP layers of the tesngpecitwo methods
wereadoptedmechanical abrasion of the aluminum sheets and addition of a bond enhancement
agent in the resin system. Results from the preliminary investigation for these two methods are
presented in the following sections.

4.2 Effect of Aluminum Surface Roughening

The objective of this investigation wasassess the influencemiechanical surface abrasion
of aluminumsheets on the bond strengétweeraluminum and epoxy fiber layerBhe aluminum
sheets were sanded usm®EWALT random obit sander (DWE6421) attached with DEWALT
150 grit orbit sandpaper (DW4304)he purpose ofandingwas to improve the surface bond
conditionsthrough increased roughness. Increashmgsurface roughness of aluminusheets
through sandingvasreported to enhance shear strength as much as 50% compared to degreased
only surfaces in single lap shear tests (Gonz@laache et al. 2018). Additionally, surface
roughness has also been observed to increase the flexural modutes axfidtglass fiber laminates
(Balakrishnan et al. 2019) and the shear strength of aluminum and carbon fiber laminates (Benedict
2012)

To establishhe effect of sanding of aluminum sheets on the tensile behavior of FML, two
different sets of FML specimenof the bidirectional oraxis woven 1w 1T 0 OFw T

configuration were prepared. In one set of specimbesaluminum sheets were degreased with
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anacetonesoaked cloth but were not sanded. In the other set of specitheagjminum sheets
were boh sanded and degreas@&tie rectangular specimehad dimensions d25.4 mm x 304.8
mmwidth and lengthA digital caliper was used to measure the thickness cfiteetdefore and
after sandinghowever, themeasurements were fouta be tte sameTo redice the number of
variables, no bond enhancement agents were added to the resinfeydterge testsSpecimens
were subjected to tensile teatsa crosshead displacement rate of 2.0 mmiolimwing the ASTM

D3039 (ASTM 2017) standardests wergerformedseven days after preparation.

Photographs ainaluminum shedtefore and aftesanding, captured using a Keyence-VK
X3000 3D surface profiler, are presentedrigure4.1. These photographs represent an area of
0.35 mn? with 20x magnification. Surface roughneds, the average height of the surface
(Keyence 2021), wameasured using the profiler at five random locatianghe aluminum shets
and the average valugas representativeof the total area The surface roughnes¥ of the
degreased only aluminum sheets and sanded plus degreased aluminum shdetsa/d¢ocbe
0.65 and 1.00 micrometer, respectively.

hotographs of the Aluminum sheets at 20x magnificat@roefore sanding
Y T U & (b)aftersanding”yY p8tmt &

A comparison of theensile stresstrain response ofifw 11 0 difw 1 FML coupons
with and without sanded &heetss shown inFigure4.2. It can be observed thtite strength and
deformation characteristics of both sets of FMLsremeinally identicawhich indicates thafor
this FML systemthestressstrain response was not influenced by variatiotyoHowever, it was
decided to roughen all aluminum sheetsdusethe tensile testsd{scussed irChapter5) and
confined cylinder tests (discussed in Chapjap ensure good bond conditions.
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Figure 4.2: Comparison of theensile stresstrain response of FML coupon with and without
sanded aluminum sheets.

4.3 Effect of Adding a Bond Enhandng Agent

3-Aminopropyltriethoxysilane (99%, Nitrogen flusheddmmonly known asilaneg is often
added to epoxy ressmms a coupling agent to improve bond characteristics. Vasumath{2016)
reporteda 10% increase in interlaminar shear strength in cajbi@fiber and aluminum laminates
because omixing silane in the epoxy systef@ung etal. (2020)reported a 13 to 23% increase in
shear strength of CFRP and steel lap jdi@sause ofilane treatment of the steel layers.

The objective of this investigation was to establish the effect of adding silane to the epoxy
resinasa bond enhancing agei8ingle lap shear tests were performed to establish the effect of
addingsilane dosed at 3%, 5%, and 10% by weight of resithebond strength of aluminum and

epoxy fiber layers.

4.3.1 Materials and Methods

Single lap shedSLS)tests were performed to estimate the interlayer bond strentjth of
Al and FRP layer§ 1ifw 1t ) following ASTM D5868 (ASTM 2014). Thgeometry of theSLS
testspecimenss shown inFigure4.3. The ests were performed @hsets ohominally identical
specimenswith resin dosed witl0%, 3%, 5%, and 10%(of epoxy weight of silane Three

replicates of each silane dosage were tested.
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Figure 4.3: Geometryof thesingle lap shear test specimens as per ASTM D5868.

The preparation techniquesed for theSLS specimensollowed the basic procedure
described irBection 35. It was foundthat cutting the thin Al sheets into smaller dimensions for
SLS testingcausedthe Al layers towarp during cuttingwhich male e preparation of the
specimens very difficultTo mitigate this issud,00 mm x 305 mnaluminumandresin saturat
T 11 fabrics were bondeth a 25.4 mm single lap joirndwerecut into the dimension as
specified inFigure4.3 afterat least 48 hoursf curing.

First, two aluminum panels of equal thickn€3l3 mm)were placed end to end; one for
forming the lap splice joint and the other to serve as a platform for the placement of the top
¥ 11 layer. The platform layer was necessary to ensure that both aluminum layer at the bottom
and the Tfw 11 FRPlayer attop are parallel to each other. In the second step, epoxy resin was
applied to the lap area of the selected aluminum panel. A thin polyethylene sheet was also placed
on top of the platform to prevent contact wille wet 1ifw 11 layers so that the platfior could
be removed easily when curing of epaxgscomplete. Next,Tifw 1t fabric was placednd was
saturated with resino form the lap joint. Finally, the specimen was covered with another
polyethylene sheeHat steel bars were placed on the top tageremove the excess epoagd

reduce void$rom theSLS specimens

The single lap shear specimens were subjected to uniaxial tensile testing using an Instron
universal testing machine at a crosshead displacement rate of 13 mm/minute as suggested by
ASTM D5868 (ASTM 2014)The length of the area engaged by the grips was 25.4 mm at each
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end of the specimen. Specimens were photographed before, during, and after the tests using a
digital cameraThe gparent single lap shear stren@tlvas calculated using the equatimeiow.

The test results are discussed in Section 4.3.2.
0 "o (4.1)

where,"O= peak loadecordedduringthetest,andd = lap area (645 mf).

4.3.2 Results of Adding Silane on Bond Characteristics

In Figure4.4, responses from the single lap shear tests (Al gf@ 11 ) and tensile tests
of Mwmn FRPandtdw m 0 afw 1 FML are summarized. For each test, the amount of silane
in the specimees varied from 0, 3, 5, and 10% of the epoxy weight. The tensile tests were
performed at a crosshead displacement rate of 2 mm/minute following the ASTM D3039
guideline. The results are normalized with respect to the value of the specimens with na silane i
the resin system. Four replicates were tested for each type of specinteguard.4 presents the

average value of the results.

Figure4.4 (a) and (d) presents the crosshead displacement at failure and SLS strength
respectively The bonding between the aluminum and FRP layers became strotigeaasount
of silane was increased in the resin system. This can be realized by the increasing trend of both
crosshead displacement and SLS strength which increased about 100 and 75%, respectively, for
10% silane in the resin system. All specimens extubidilure by debonding at the aluminum and
FRP overlap, except for the specimens with 10% silane which exhibited fracture of the FRP layers

at failure.

Figure 4.4 (b) and (e) reveals a decreasing trend of fracture strain and peak strength
properties of single layermfw 1 FRP composites for increasing amount of silane. When
compared to the specimens with no silane in the resin system, fractuneastlgpeak strength
reduced about 105% for specimens with 3 and 5% silane. As the amount of silane was increased

to 10%, both fracture strain and peak strength reduced as much as about 20%.

The influence of silane on the tensile streBain charactestics of Tw ™ 0 oW 1T
FML can be realized iRigure4.4 (c) and (f). Both strength and strain at first fiber rupture rediuce
slightly as the amunt of silane is increased in the system. The behavior of specimens with 3%

silane isthe same as the specimens with no silane. Further addition of silane starts to reduce the
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stress and strain capabilities which decrease up to less than 10% for sp&dtmé&0%6 silane in
the system. For equglantity of silaneadded to the epoxyt was observed that the first fiber

failure strain of the FMLs was 15% higher than the fracture strain of the FRPs on average.

Single Lap Shear Test Uniaxial Tensile Test
Al and Tfw 1t W T MO T 0 0w Tt
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Figure 4.4: Influence of silane on bonding, rupture strain, and strength (aliafyest
failure) of FML and single layer FRRIl properties areaormalized with respect the
specimerwith (0%) silane

As illustraed above, a dosage of 3% silanedbypoxy can enhance bonding between FRP
layers and aluminum sheets as much as 50%. aiked silane does reduce strength and
deformation capability of the FRP layers about 10%, however, the resulting characteristics of the
FML is the same as the specimen with no silane. As enhanced bonding between aluminum and
FRP is desirablespeciallyconsidering the preparation of FML jackets described in Section 6.2.1,
it was decided to use 3% silane (by weight) in the epoxy system for preparation of all FML

configurations in the tensile and compression test program described in ChapteClhagater 6.
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4.3.3 Effect of Silane on the Curing of Epoxy Resin

DSC tests were performed to investigate 38 silane dosageffectedthelevel of curing
of the resin systenf control sample of epoxy without silane was compared against the results for
epoxymixed with 3% silaneThe test results for resins with and without silan2minutes and 7
daysafter mixing are presented Figure4.5. The enthgly of reactionin the resin sample with
silanefrom the DSC test performed 2 minutes after mixing was found to be 20% tloavethe
sample without silanél’he changen enthalpy is likely due to additional reaction between silane
and epoxyin the systenas described by Xie et 42010) Ji et al.(2007) and Rajan et a{2018)
(Figure4.6). The reaction enthalggr the sample witlB%silane2 minutes and 7 daystermixing
was502and96 J/g, respectivelyas shown imable4.1. This indicates thate sample with silane
achievel 81% ofthetotal curing aftei7 days.

No silane, 2
minutes after
0.8 mixing

No silane, 7
days after
0.6 mixing

3% silane, 2
minutes after
mixing

0.4

3% silane, 7
days after
mixing

0.2

Heat Flow (W/g)

-0.2

-0.4

-0.6

-50 0 50 100 150 200 250 300

Temperature (°C)

Figure 4.5: DSC curves for Fibreglast System 4500 infusion epoxy resin with SystermA4570
hardener with and without 3% (of epoxy weight) silane in the system.
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Epoxy —C—C—CH, + NH, 4 HC—C—C—-Epoxy

Figure 4.6. Coupling reaction between silane (APTES) and epoxy (&sjan et al. 2018)

Table 4.1: Enthalpy and level of curing of the epoxy resystemwith and without silané0
minutes and 7 days after mixiod two parts

2 minutes after mixing 7 days after mixing
No silane 3% silane No silane 3% silane
Enthalpy (J/g) 626 502 108 96
Level of curing 0% 0% 83% 81%

Plueddeman(1991) considered that a mechanism of metehne bonding (MD-Si) is
createdvhensilaneis deposited on the metal hydroxide surface which can explain the improved
bonding between metals and polymers through the bridging action provided by silane. Franquet et
al. (2006) later presented experimental evidence for metahe bonding between alkaline
cleaned aluminum surface and-tig-(triethoxysilyl)ethane or the AIOSi linkage. A schematic of
silane at the aluminum and epoxy interface is provideHigunre 4.7 (adapted fromXie et al.

(2010). Thus,theprobable cause faenhanceghear strength betwealuminumand FRP layers
as observed in Section 4.32n be attributed toeaction between silane and epoxy resin and

bonding between aluminum and silane compounds.
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Figure 4.7: Probable coupling action between aluminum epdxy through silane linkage.

4.4 Summary

The effect ofroughening the surface of the aluminum sheets and the additidh
Aminopropyltriethoxysilango the resin systerfor bond enhancememtasinvestigated through
an array ofensile, single lap shear, abD&C testsThefindingsof these tests and their implication

for the preparation of FMd_are summarized below.

1. Surface roughening the aluminum sheets with 150 grit paper did not influence the
stressstrain response of the FML tensile coupdtewever, it is believed that surface
roughening is nonethelegeneficialto surface bond characteristics. Therefaié,
further tensile and jacketed FML specimens will be prepared by roughening the

aluminum sheets.

2. The SLS est resultsndicatedthatthe addition of silane can effectively enhance the
bond strength and deformation between aluminum and epoxy fabric legpsvsver,
progressively increasing the dosage of silane was also foudettease the fracture

strain and ultimate strength of FML composiebject to uniaxial tension

3. Because of the trad®f between enhancing bond characteristics versus decreasing
uniaxial stresstrain behavior with increasing silane dosag@¥adose byepoxy
weight of 3Aminopropyltriethoxysilane will beadded to the resin for the FML
specimens in this studyhe 3% silane dosage was viewed asmpromisebetween

competingperformance objectives that are equally important in this study.
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5 Uniaxial Tensile Responseof FML Lay-ups

5.1 Overview

This chapter presents thedfect of fiber orientation, fabric architecture, and number of
alternating layer®n theuniaxial tensileproperties of Eglass/aluminunMLs. The results are
parametricallyand statisticallyevaluated to establish the influence of variousupyschemes on
the mechanidacharacteristics of FMLcoupons An analytical model based on the Rules of
Mixtures (ROM)is validated against the test reswdts a tool to predidensilebehaviorof the
coupons The experimental data and ROM model results are -@@selatedand disassed to
establisha common understanding of FML behavior for use as a confining jacket for concrete

cylindersin subsequent phases of this research

5.2 Materials and Methods

The FML tension coupons were manufactured ugiagle 202413 aluminum sheets with
0.43 mm thicknessa unidirectional glass fiber (glass, 435 g/n?), a plain weave 0/90
bidirectional glass fiber ({glass,325 g/n¥), a stitthedweave 0/9idirectionalglass fiber (E
glass,405g/m?), and epoxy resinFfbreglast4500 with 4570A hardeney with 3% by weigh 3-
Aminopropyltriethoxysilane added to tlepoxy mixture Details on the material properties were
discussed in Sectidh4.

All specimens were manufactured using a handupayechnjue following the general
procedure decribed in Sectio.5. The prepared specimens were cured at room tempefature
at least 7dayswhile being compressed by a static load to remove excess resiacamg voids.
This resulted in aniform compoge with an average volunfeactionv ¢ p Mor all the three
layer Eglass/aluminum FMLUay-ups.All tensile coupons were testezkactly severdaysatfter
fabrication.The specimens were assumedathieveat least80% of total curingat the time of
testing based on the DSC results discussed in Set8dh

Thestraightsidedrectangulatensile specimensad dimensions of 25.4 mm x 304.8 mm

and were each cut from a larger sheet of cured comp8siteghtsidedspecimens were selected
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over doghone type coupons based on the work of Wu and1@84; 1996)who found that
dogbone specimens are subject tdhtggear stresses and tensile stress concentrationsritiao
deglade the mechanical performancetbé FML tensilespecimen. A schematic of the tensile
coupons and a photograph of a prepared specimen are shBignriae5.1.

A total of nineuniquestacking sequences werenceived consisting osix FML lay-ups
and three FRP layps to explore the parametspacecdestablished ifrigure3.3. Two of the lay
ups(T2/T10 and T6/T11yvere constructed and tested in separate batches to explore manufacturing
variability / repeatabilit. The stacking sequences, average thicknesses, a\aegjdensities,
and average volume fractions for the constructed coupons are provicsued.1. Four replicate
coupons were prepared and tested for each stacking sedBefore.testing, the thickness of each
specimen was measured in three different locations using a digiifaér. The thicknessf each
lay-up reported infable5.1 is the average of the thickness of &blur replicatespecimens. The
volumetric fraction of the aluminurmm , fibers 0 , and epoxyyv were calculated using the

following equations:

€ 0
( 51
0 5 (5.1

€0
\ S 5.2
0 5 (5.2

0O £ 0O €0

0 5 (5.3

where 0is the total thickness of the coupan; and¢ are the number of aluminum afider

layers in tensile coupon, respectivaly is the average thickness of the aluminum layerd was
measured before coupon preparation;ans the manufacturer specified thickness of the dry fiber

fabric. The areal density of the laypswascomputed by weighingach specimen using a digital

scaleanddividing theaverage weightby thearea of the specimens.

Chapter 5:Uniaxial Tensile Response of FML Laps 96



| 50.8 mm
end region inside the grip

203.2 mm

50.8 mm

end region inside the grip

25.4 mm

|

Figure 5.1: Schematicdesign oftheuniaxial tensile test coupons (top) amghotograph of a
prepared tensile coupon (bottom).

Table 5.1: Test matrixfor uniaxial tende tests

Lay-up Lay-up schemeand fiber Thickness « Al eé O—w O O
Code VP orientation (mm) (COV) densiy %) (%) (%)
z— (g/m?)

T1 o at 1.31 (2.84%) 2440 33 20 47
T2 W T O adfw T 1.09 (1.90%) 2087 38 22 40
T3 EML TvoaTuU 1.09 (2.02%) 2087 38 22 40
T4 T™w 10 adw T 1.33 (2.43%) 2447 32 20 48
T5 TVWAaTU 1.35 (2.09%) 2493 32 20 48
T6 THw T 0 W T 0 W Tt 1.82 (0.82%) 3718 47 21 32
T7 W T 0.76 (1.03%) 1445 - 50 50
T8 FRP W T 1.35 (3.00%) 2444 - 47 53
T9 TU 1.06 (1.9%) 2015 - 38 62
T10 w1t & atfw T 1.15 (1.17%) 2142 38 22 40
T11 ML THw T 0 W T 0 W Tt 1.80 (2.52%) 3880 49 21 30

Tensile testing of the coupons was performed using an Instron universal testing machine at
a crosshead displacement rate of 2 mm/minute following the APRWU39 (ASTM 2017)
standard. The grip length at the ends of each specveesn50.8 mm and the specimédength
between the grips was 203.2 mm. Emery cloth strips were bonded to each side of the ends of the
specimens using Loctite gel (Loctite® EA 18 (Epoxy-PatclE ) to prevent composite failure in
the grip region. Tensile strain was measured using a staat clipon extensometer (Instron

2630111) with agage length of 50 mm angsableaxial strainof up to 10%. Specimens were
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photographed before, during, and after the tests using a digital camera. Testsmiested once

failure had occurred througdll layersof the composite.

5.3 Analytical Modeling

The tensile stresstrain characteristics of the various FML and FRRUpyschemes were
predicted using the rule of mixture (ROM) method. Predictions obtained by the ROM method were
also used to enhana@air understanding othe load sharing between aluminum and composite
layers in the FMLthroughougll stages of response. The ROM analysis is a micromecHaases!
approactusedto predicttheelastic properties of compositeased on theolume fractioms of the
constituentmaterials (Hyer and White 200Plowever, in this analysithe ROM methodvas
used to predict the ndmear properties of the coupomy incrementally applying the ROM
algorithm at progressively increasisigain valuesvhile computing iestress in the aluminum and
fiber layers at each strain increment based on their constitutive material propiestessassumed
in the modeling that the individual strestsain responses of the aluminum and FRP |ayere

already established througlperimental tests.
Forthe ROM calculations in this study, the aluminum volume fraction (AVF) of the FML
lay-upswasdetermined using:

0 d)“og -
o (5.9)

where¢ is the number of aluminum layes, is the average thickness of the aluminum sheets
andois the total thickness of the prepared FML specimen. The tensile load carried by the FML
(0 ) for a given tensile strain ( ) wasestablished bywsnming the strength contribution of

aluminum and composite FRP layers according to:

~
5

o - bW - p @ -

(5.5)
where0 - and0 - are the lad carried by the aluminum and composite layers,
respectively, andan be calculated according to:

v - » - BO (5.6)
0 - . - BO (5.7)
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where, - is the stress in the aluminum at strain ,,, - is the stress in the composite

at strain- , BO is the sum of the thickness of the aluminum layBis, is the sum of the
thickness of the composite layefBhe stresstrain relations for aluminum) - and the
composite, - were defined using experimental data.

The failure strain marking éhend of the inelastic phases of the FMLs withand 1tfw 1T
FRP layers were about 25% higher than the failure strain observed in the single layer FRP
specimens. Additionally, aluminum layers in FMLs with-afis fibers exhibited fracture strains
of more than 8% whereas in individual tests the observed strain was 5% or lower. For this reason,
the fracture strain of different layers used in the ROM analysis was taken from the FML tensile
test program instead of the corresponding single layer fractare stsults.

As shown inFigure5.2, the stresstrain response of FML care characterized as having
three distinct phases. Phase | consists of the range of elastic FML response where the composite
and aluminum layers are both elastic. Phase Il occurs after yielding aitithenumlayers when
the metal experiences inelastic stmiThe onset of the residual strength phase, Phase llI, typically
occurs when the composite layers rupture and the residual capacity of the FML is provided by
aluminum. However, depending on the-l&y configuration, in cases whenggh deformation
compoges are used (such ag v fabrics), it is possible for the aluminum to rupture first with
the residual FML strength being provided by the intact composites. The ROM approach may be
used to predidhestressstrain response across all three ranges. Hewyaihen predicting residual
FML behavior in Phase lll, the relative contribution of whichever consttuaterial fails first

must be set to zero.

To facilitate characterization of the FML tension coupon results, key parameters describing
the axial foce strain relationship were extracted from the test results. These are defingdrin
5.2. In the elastic range, the parameters consistéte axal stiffness during the elastic phase;
the axial strain at apparent FML yielding,; and, the force at apparent FML yieldin@®, The
point of yielding was defined at the intersection of the slopes of the elastic and inelastic region of
the loadstrain curve. In the inelastic range: the pgstd axial stiffnessy ; the axial strain at the
peak strength; ; and the force gbeak strength’O . In the residual strength phase: the axial

stiffness during the residual strength phasethe axial strain at ultimate elongatien, ; and the
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force at the ultimate elongatioi® . For the case of FRP tension coupon resultéch exhibit

linear elastic behavior, axial response could be described solely in tebms- of and™O.

16
":E‘I - Elastic phase | III - Residual strength phase .
12 II - Inelastic phase - ,/
(€1u, F1u)
E 8 ~ | Kp |
o !
g | /
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Figure 5.2: Different stages of stressdrain response of FML in uniaxial tension.

5.4 Experimental Results

Table5.2 summarizes the tensile mechanical propertiesif@ightFML and all three FRP
lay-ups.The strength of the coupomssevaluated based aiiffnessv andload "Q rather than
modulus of elasticityD andstress, , to facilitate direct comparison of the leadrrying capacity
for each of the layupsbecause each had different thicknéldse results wereparameterized to
describethe mechanical characteristics of tlag-upsin the Elastic, Inelastic, and Resal
strength phasassing theparameter definitions shown kgure5.2. The COV was computed for
each of thanechanical properties refged in Table5.2. Notes have been addeddescribe the

failure progression of individual layers in the Hags.

Figure 5.3 showstypical failure modesof the FML specimens afterrsile testing.All
failures occurred within the gauge region of the tensile spesibeween the test machine grips.
The various layups all exhibited a simildailure progression that began with the onset of localized
debonding between the FRP and the aluminum layers at approximately 75% of péak.ldhe
sequence of failurafter this poindiffered based on the fabric orienteat (i) lay-ups with 1t and

T w Tistitched and wovefabricsfirst experiencedRP rupture followed by a drop in strength

where the residual capacity was provided by the aluminum lapétshey ruptured(ii) for FML
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lay-ups with [ T 0 theprogression of failure began by rupture of the aluminum sheets, after which
residual strength was provided by the composite layers until they too rudtheedifferenfailure
progressns were attributed to the largaxial strain capacity of the offixis compositesvhich
wereseveral times larger than the orthogonal composites and the aluminuri gsel$ection
3.4for more information on the material prope#iof the composite$here did not appear to be

a differercein failure progressioor failure mode due to the usewabvenor norwoven fabrics.

The FML specimens that contanhoff-axis fibers 1 v, either woven ononwovenin the
FRP layersexhibited a distinctive concave(or convex depending ahe position of the observer)
deformed shape transverse to the loading direciibis.deformationstaredto become apparent
after yielding and continwkto increaseuntil failure. It wasalso dserved thathis phenomenon
wasmore prominenin the caseof nonwovenoff-axis fabrics.This effect appeard as a region
with a localizedtransverse contracticand corresponding axial elongatiorgt unlikenecking in
ductile metal When the FRRabric was prepared withnonwoven fiberghis deformationwas
strongenough to bend aluminum layensthout any debonding betweerluminum and FRP

layers.

> 4

T M

3

(@T1 (b) T2 (c)T3 (d)T4 (e)T5 (f) T6
2/1 1t 2/1 w1t 21 tUL 2/1 w1t 21 1L 3/2 MIw Tt

Figure 5.3: Photographs of the typical failure modes for most the FML coupons.
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Table 5.2: Average uniaxial test results f86.4 mm widé=ML and FRP coupons.

h Replicates Phase I: Elastic Phase Phase II: Inelastic Phase Phase IlI: Residual Strength
#  Lay-upscheme 7, L kN) t (%) 3.(N) Note | EL_(kN) £ (%) 7 o(kN) Note | L,(kN) £ (%) 17 o(kN)
4 ndan . 1334 042 539 ; 769 232  17.10 _ Fiber | 7100 423 _ 3.80
(4.50%) (4.45%) (2.76%) (4.01%) (1.86%) (1.90%) fracture | (1.72%) (9.45%) (4.91%)
T2t b G . 1002 040 373 : 392 200 687  Fiber | 5275 681  4.00
(2.16%) (0.00%) (1.11%) (3.10%) (7.90%) (2.10%) fracture | (1.57%) (8.52%) (1.99%)
, 836 046 3.2 : . 555 469 Auminum| 515 555 103
T8 Tu®8 10 4 9500 (2.80%) (5.62%) 94(8.40%, 53 09%) (5.54%) fracture | (5.05%) (23.09%) (8.50%)
4 e 8o 4 1084 042 423 : 445 262 1138  Fiber | 5325 598  4.02
(3.59%) (1.17%) (3.96%) (5.35%) (9.47%) (6.00%) fracture | (4.06%) (10.39%) (2.37%)
. 818 0.53 3.45 - ,  1.97 5.13 coupon 7.97
TS5 Tuda T 4 (4.44%) (7.77%) (3.85%) 63(7.98% (15 679%) (4.56%) facture | (12.67%)
g 0T o . 1805 049  7.57 : 582 175  11.18  Fiber | 155 488  7.73
To T 6 O T (3.39%) (2.04%) (2.39%) (3.53%) (9.47%) (3.82%) fracture | (8.51%) (22.08%) (4.30%)
- Ton . 362 169 570  Fiber i ] i i i ] i
(4.75%) (7.00%) (5.65%) fracture
631 179 1042  Fiber :
8 W T 3 (5.19%) (12.70%) (8.59%) fracture | - - - - -
o . . 164 089 108 i 28.75 1000 254  Fiber ] ] ]
(3.97%) (4.60%) (4.50%) (L50%) (14.50%) (2.98%) fracture
110 o 8 adom s 1081 037 _ 380 : 562 177 730  Fiber | 7250 500 421
(4.40%) (3.38%) (1.00%) (1.84%) (5.006) (1.00%) fracture | (0.69%) (1.00%) (4.17%)
1pq QO s 1909 043 750 i 914 180  13.07  Fiber | 154 383 827
ToT b oo T 2.60%) (2.72%) (A.72%) (353%) (6.10%) (3.00%) fracture | (2.26%) (4.30%) (4.84%)

Note: Numbers in parentheses indicate the coefficient of variation (C@WUpons TiT6, T9 have been tested in Ph@s€oupons T7T8, T10, and T11 have bee
tested in Phasg.

Chapter 5:Uniaxial Tensile Response of FML l-aps

102



5.4.1 Effect of Increasng the Number of Layersof the FML

The effect of increasing the number of layers of the FML on the tensilestoad
characteristicsvas to increasethe overall strength and stiffness of the coupéigure 5.4 (a)
shows a comparison of loatrain results obtained for 2/1 FML layp T2 with
TwTm O dj wm  stacking and the corresponding 3/2 FML -lgy T6 with
TMWT O ajwtm 0 o wT stacking. The elastic stifessv and the force at apparent

yielding "O of the 3/2 T6 FML were both about 1.9 times higher than the corresponding values
obtained for the 2/1 T2 FML. Similarly, the plastic stiffnéssand ultimate strengtf© of the
3/2 T6 FML were about.6 times higher than the corresponding values for the 2/1 T2 FML.

The increase in strength and stiffness observed for increasing the number of layers can be
at least partially explained by the increase in the aluminum volume fraction for the 3/2 FL T6 t
0 T X Hrom a valued o  Hor the corresponding 2/1 FML T2. However, it is likely that
the fiber bridging action of the FMivasenhanced by the additional number of aluminum and
fiber layers which providia greater number of redundant load paths throughout the FML: cross
section. The hypothesis is that as the aluminum layers begin to yield, the fiber layers localized
around the yielding crossection experience larger local strains which causes a portibe ofad
in the yielding aluminum layers to be transferred to the fiber layers. Thisddervedistribute
forces within the crossection, resulting in enhanced strength and stiffness characteristics. The
fiber bridging mechanism is a walbcumented dracteristic of FML and is the reason why

aluminumfiber composites have excellent fatigue resistance.

Figure5.4 (a) also shows that the residual streri@thof the 3/2 T6 FML was about twice
the residual strength of the 2/1 T2 FML, an increase that is proportional to the increase in the
number of aluminum layers. It can also be seen that increasing the number of layers did not affect
the deformation characteristiofthe FMLs, with the yield strain , FRP rupture strain , and
slope of the residual strength pha%e all being approximately the same for both
Twm O dfwm and THw T 0 GFW T O Ofw T FMLS.
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5.4.2 Effect of Fiber Orientation on FML Behavior

The effect of fiberorientationon the uniaxial tensile behavior of FML coupons was
investigatedhrough a comparison of the response of FML-Upg withon-axis 1w 1and off
axis 1 v fabricfor bothwoven and nowwoven configurationsigure5.5 showsthe effect of
fiber orientation on the loastrain response fordw m 0 odfwm and T L O & T L .Figure
5.6 shows the effect of fiber orientatidor similar FML configurations with nemoven fabrics.

The change in FML responsetagfiber orientation changes from @xis to offaxis can
be explainedy the characteristics of the individu&RP layers. The uniaxial tensile behavior of
single layer onand offaxis both woven and newoven, FRP layera/ere previously discussed
in Secton 3.4.4. With oraxis fabricscortinuousglass fibergunningin between the grips of the
test apparatug@in pure tensioandthe total material strength of the fibers can be achieved. This,
however, is not possible with edixis fabricswherethe strength of the fabrics develops from
resistance to fiber reorientation and load trank&tween epoxy and the fibes a result, o
axis fabrics exhibihigh ductility but are unable to utilize the material strength of the individual
glass fibersSimilar observationsegarding the effect afhanging fiber orientatioon the tensile
behaviorof FML couponshave been made [§yortés and Cantwell (2006)
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The loadstrain curves shown iRigure5.5 (a) andFigure5.6 (a) clearly demonstratéhat
the use of offaxis fabric reduces th&rength and stiffness of FML compositekile at the same
time enhancing theductility. For example, thiitial elastic stiffnes® and posiyield stiffness
0 of the MIw T 0 afw 11 lay-up was approximately 1.20 and 4.2 times greater tham th
corresponding values of thet v 0 & T v lay-up. Furthermore, the yield strengt® and

ultimate strengthO of the ™w m 0 dfw T was approximately 16 and1.46times greater
than the corresponding values of thet v 0 & T v . Thedecrease in the pegield stiffness
for FML lay-ups with oftaxis fabrics was substantiaglubstituting rifw ttfabric for 1 v fabric
alteredthe shape of théoadstraincurve from one thagxhibitedstrainhardening to one with
guastelasteperfect plastic shap&his transition was consistent for woven and-maven fabrics.

Another effect of fiber orientatiowason thestrain atmaximumload- . FML lay-ups
with off-axis fabrics experienced values of which were 2.5 to 3.0 tmes greaterthan
corresponding values for FML layps with oraxis fabrics Furthermorethe failure progression
for FML lay-ups with oraxis fabricsbegin with rupture of thé&bric layers followed by rupture
of the aluminum layers. This failure prognesswas reversed for FML layps with offaxis axis
which failed by aluminum rupture prior tapture of the fabric layers.

The effect of fiber orientatiomlso influencd the relative contribution of the FRP and
aluminum layeron the total load carrying capacity of the FML compositeshe ROM method
was used to predict the relative contribution of the FB#®rs on the tensile capacity of the-on
axis and offaxis coupons, as shown igure5.5 (b) for woven and irFigure 5.6 (b) for non
woven layups.In general, the FRP laydarstheon-axis FML lay-ups accourgdfor approximately
30% of the load at first yieJdhenincreagdto betweerb0 to 70% of the load at ultimate strength
before dropping off as the fabric ruptures. For the case aixdf FML layups, the FRP layers
accounted foonly 10% of the load at first yield and platealto a maximum of 20% of the
ultimate strength sustaining thapeakload for large values of axial strain priorfalure of the
aluminum. This behavior was attributed to the fact thatstresstrain characteristics of the base
aluminumand 1 v fabrics shown inFigure 3.5 and Figure 3.7, respectively both exhibited
elastieplasticbehavior. Thigranslates intoraFML composite that benesifrom having an elasto
plastic stresstrain response that can sustain much larger inelastic stramtinesponding FML

lay-ups constrated with onaxis FRP.
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Therefore, the effect of fiber orientation on FML behavior can be summarized as: (1) on
axis ML composites tend to be stronger and stiffer tharami$ FML compositesind exhilit
strain hardening behavior after yielding of the aluminum layers; (2pa$fFML composites tend
to be relatively weaker than @axis FML composites but have the adway# of psedo-elasto
perfect plastic behavior and can undergo much larger inelastic strains
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Figure 5.5: Effect of fiber orientatioon wovenFML: (a) comparison of the uniaxial
response; antb) comparison of theontribution of the FRP layets totalFML strength
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5.4.3 Effect of Fabric Architectureon FML Behavior

The influence of FRP layers with unidirectionatt) and bidirectional fiber orientations
( T tand 1w 1T ) on the loaestrain performance of FMLs can beenin Figure5.7 (a) for
both woven and newoven fabrics. The loadtrain resporesof FMLs with woven and newoven
off-axis fabrics ( T vand 1 v ) are compared iRigure5.8 (a). The contribution of the FRP
layers to the strenly of the corresponding FMLs was calculated using ROM and plottéidume

5.7 (b) andFigure5.8 (b), respectively

The FMLs with the unidirectional FRP layers exlebithe strongegperformance because
all unidirectional fibers in theFRP layers contributeto load resistance. The FMLs with
bidirectionalFRP layerspothwoven and notwovenfabrics are of similarareal densityas the
mo at FML. However,unlike the FML with unidirectional layers, 50% of the fibers in the
bidirectional fabrics are oriented transverse to the loading directionaammibt makesignificant
contributiors to total load carrying capacity. As a resulhe strength of the FMLs with

bidirectional FRRayers are significantliess than the unidirectional stitchedo at FML.

It can be seen irFigure 5.7 (a) thatthe woven architecture of the fats can also
substantially reduce thetrength and deformation capatds of the FML Comparing the
performance othe T#w 1O aifw tand TFw 1T 0 afw 1 FMLSs, the reduced strength for the
corresponding wovelay-up is attributed to the fact that timeerwovenfibersarenot aligned with
the direction of applied load’he fibers in a wvenarchitecturgass over and under fibers in the
transverse direction. Enefore, as tensile stresses are applied to the woven tabngoven fibers
will undergo a throughkthickness deformation as they tend to deform in the direction of applied
loading.Bond failure betweemluminum and FRP layeisan be observesignificanty earlier

during the loading phasethe cas®f woven fabricghanunidirectional or norwovenFRP layers

When compared to the test results of the single layer FRP specimens, FMLE vaitial
w1 FRP layers exhibit 25% and 20% increase in fracture strain of the FRP layers,
respectivelyThe fracture strain of thertfw Ttlayers remained approximately the samhean be
seen irFigureb.7 (b) that the shape of the strength contribution curves are the same foffw 11
and 1fw 1t FRP layers and the perdages of strength contribution is proportional to the strength
of the FRP layer.
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It appears fronfrigure5.8 (a) thatwoven or noAwoven fabric structure does not have any
significant influence on the loagtrain response of the FMLs witht vor T v FRP layers.
This is due to thébadresistancenechanism in the offixis fabric wher¢he full material strength
of the glass fibeis not achieed Ratherthestrength of the FRP layergeneratd from resistance
to fiber reorientation and load transfer betwepoxyand the glass fiber#.is praobable that these
two mechanisms are not affected by the weaving, or the lack thetduodéfabrics.The difference
between the two woven and notwoven FML configurations is in the type of failure;

T V0 & T uFML exhibit simultaneous failure of Al and FRP layers resulting in the strength
contribution curve to stop at 8.0% strgfigure5.8 (b)) whereas Al layers faibefore the FRP
layersin T L 0 & T v FML resulting in 100% strength contribution of the FRP layers after
5.5% strain Eigure5.8 (b)).
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Figure 5.7: o a1, Tfw 10 0w 1 and w1 0 atfw 1 FMLS; (a) loadstrain response
and (b) strength contribution of the FRP layers.
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5.4.4 Mechanical Properties of FRP Coupons

The uniaxial loaestrain response of the&j w m and 1 w m FRP layups are compared
against the single layemrj w m composite inFigure 5.9 (a). The loadstrain response of the
w11 and 1fw 11 couponsexhibited a similar linear elastic behavard brittle failure mode
as thecorrespondingingle layer FRRoupon. Thaveragailtimate strain of the single, three, and
five layer 1 w 1 couponswere all approximately 1.75%, consistent with the ultimate strain of
a single layer of cured composite reported bymtamufacturer (Sika 2018Jhe tensile strength
of the threeand fivelayer FRP couponsereapproximately proportical to the number ofyers
of fabric. For example, the average ultimate strength of the-tayee coupons was 5.72 kN, or
2.77 times the ultimate load of the singgger FRP coupon. Likewise, the average ultimate load
of the fivelayer FRP coupons was 10.48 kN which wak85imes the ultimate load of the single
layer coupon. However, the modulus of elasticity and ultimate stress calculated based on the gross
area for thetfw 11 couponwas markedly less than ftre 1w 1 and 1fw 1T coupons. This
discrepancy can be ghiuted to the higher resin fraction in the dager couponsy @ ¢ P

than for the corresponding threand fivelayer couponst( v TR
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Figure 5.9: Comparison of the tensilead-strain response of the FRP coupdia§ |
FRP layups; (b) “ FRP layups.

Figure5.9 (b) shows a comparison of thet v T9 FRP layup against the corresponding
single layer t v FRP. The ultimate tensile strength of the tHeser offaxis woven
specimens was approximately five times higher than the corresponding single layer coupon. The

T U specimens also exhibited a monotonically ascendingdtrath response unlike the single
layer specimens which had a very irregular performance (peaks and valleys) in theldost

region.

Typicalfailure modes of the FRP tensile coupons are presamfgdure5.10. Fracture of
the specimens was observed near themeight location in most of the cas@he 1w 1 and
THw 1t specimens exhibited dden fracture of the longitudinal fibers without any warning. The
fracture region was horizontal and transverse to the loading dire@tien. T v specimens
exhibited continuous necking before rupture of the fibers andfeplane deformation, although
noticeable, was substantially reduced when compared to the behavior of single layer specimens as

discussed in Section 3.4.4.
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Figure 5.10: Typical failure modes of the FRP coupof®) mwm T7 FRP; (b)mM wm T8
FRP;(c) Tt v TO9FRPR

5.4.5 ParametricAssessment of FML Mechanical Properties

The main parameter used to evaluate the confinement efficiency ghERI®sis the ratio
of the lateral confining pressur@to themaximumstress of unconfinedoncrete’Q . For FRP
jackets, hemaximumlateral confining pressur€& defined in Eq(2.1), is expected tbelinearly
proportional to the hoop strain in the jacllae to the linear elastic response of FRB.expected
that the raticQr'Q will provide an accurate assessment of the ultimate compressive strength of
FML confined concrete due to the weltablished relationship between confinement pressure and
triaxial behavior ofconcrete (Rocca 2007hlowever,becausdhe stressstrain characteristics of
the FML are markedly different than FRP and can exhibit sts&sén responseangingfrom
elasteperfect plastic to strain hardenidgpending on the stacking configuratitime ratio’QI'Q
is expected to not provide a reliable measure of the defornatamacteristicef FML confined
concrete. Therefore, it is necessarydientify otherappropriate parameters desartpthe unique
deformation characteristiesid shape of the stressain curveof FML that can potentially be used

to investigate the behavior of FML confined concrete

Figure5.11to Figure5.13show a comparison die mechanical propertiesthiethreelayer
FML couponsas aratio of the theoretical stiffnegsovided by thé=RP sheets tthetotal elastic
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stiffnessin each FML layup, 0 j U . Only thesix 3-layer FMLIlay-upsT1 through Band T10

were considered in this analysis because they provide the most compdetet.dae v j 0

ratio is meantto account for thalifferences in the relative contribution of the different fiber
materialson the elastistiffnessof the FML which cannot be adequately described based on the
relative volume fractions because afferences in the fiber orientation and atelstureused
across the T1 toTlay-ups. Thetheoretical stiffness of FR®  was calculted based on the
composite modulus of elasticity for each fiterer multiplied by the crossectional area dfiRP
for a given FML layup. The elastic stiffness of the FML was extracted from the pyeeld slope

of a given coupon. Theechanical properties evaluateereinare summarized imable5.2.

Figure5.11 showsthe effect ot  j 0 on the stiffness characteristics of thtager FML

coupons. It can be observad Figure 5.11 (a) that the elastic FML stiffnes® is strongly
correlated tay  j U . Thepostyield stiffnessd in Figure5.11 (b) shows a similar dependence
on theratio0 jU . FML lay-ups T3 and T5, constructed with efixis 1 v dlass fabric,
exhibited the lowest stiffnessvhile FML lay-up T1 with unidirectional glass fabric showed the
highest stiffnessLay-ups constructed withrifw Ttbi-directional fabric exhibited an intermediate
levd of elastic and posyield FML stiffness, withthe knit bi-directional coupon T4 showing

slightly bettemperformance than T2 constructed using the wdnratirectionalfabric.

1,500 7 1,000
_ FRP

1aoo | KeT 132 mre8z 900 | K, = 1796—[{;,” +98 -
7 R%=1099 I{j = goo | R2=097
2 1300 = B

700
& 1,200 . oo :
g 1,100 A 2
c & c 500 i
£ 1,000 : = 4
&5 % 400 *-
— 900 OT1-[0] = aT1-[0]
= *72-[0/90]W g 300 *T2-[0/901W
L 800 A T4-[0/90] T 200 AT4-[0/90]
© ’ X T3 - [245]W = X T3 - [£45]W
= 700 i ’
- X T5 - [245] 2 100 A X T5 - [+45]
600 a 0 .
0.00 0.20 0.40 0.60 0.00 0.20 0.40 0.60
(a) (b)

Figure5.12 shows the effect ahe v
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Figure 5.11: Effect ofthe L_ J ji L_ratio onthe stiffness characteristics thfeelayer FML
coupons: (a) elastic FML stiffness; (b) pg#tld FML stiffness.

j U ratio on thestrengthcharacteristics of three

layer FML couponsin descending order, layp T1 with 1t degree fabric was the strongest of the
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three-layer FML lay-ups, followed by T4 withtifw 1tfabric, T2 with woven Tifw mtfabric, and
T3 and T5 with T ufabric.It canalsobe observed that both the strength vahtdaMIL yielding
"Oshown inFigure5.12 (a), and the ultimate FML strengt® shown inFigure5.12 (b), arequite

strongly correlated to the ratio of j 0 . The increasén "O and™O with respectt@) j 0

was similar to the observations figure5.11 (b) which showed that is also proportional to

0 j U .Taken together, thes®o trendscombine tandicate that the stiffest FML layps also

tend to be the stronge&oth outcome can bechievedy increasing the relative contribution of
FRP stiffness to total FML stiffness by either: (1) increasing the mechanical properties of the fabric

and epoxy conguents; and/or (2) decreasing the aluminum volume fraction.
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Figure 5.12: Effect of thelk_ |

j} E_ ratio on the strength characteristics of thtager FML

coupons: (ajorce at FML yielding (b) ultimate FML strength

Figure5.13 shows the effect ab j 0 on thestraincharacteristics of threlayer FML

coupons. It can be observed that bothakial strainsat FML yielding- , shown inFigure5.13
(a), and theaxial strain atultimate FML strength- , shown inFigure 5.13 (b), are poorly
correlated withtheratio of 0 j U . Thiswas attributed to the fact that the FML strain capesit
are governed by the deformatioapacities of the base materjadsd not necessarithe elastic
stiffness of the couponBor examplethevalues of for all the 2/1 FML layupswereclustered

around theyield strain of the aluminum 20283 sheetsregardless of the ratio af 0 ,

because yielding of aluminum governed respons
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The ultimate FML strains of threelayer couponsshown inFigure5.13 (b), tendedto be
clusteredaroundtwo distinct strain valuebased orthe progression ofailure of the layup. FML
lay-ups T3 and T5 with 1 vfabricexhibited an ultimate strain slightly above tligmate strain
of the aluminum 2024 3 sheets becausapture of aluminum layers occurred before failure of
the compositdayers For the case oFML lay-ups which exhibited composite failure before
aluminum failure(e.g, T1, T3, and T4), the axial strain at ultimate FML streng#s consistent
with the range FRP rupture strains in theaxis woven and newovencomposite layers (see

Section3.4.4for singlelayer composite fabrimaterial properties).
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Figure 5.13: Effect of thei=I iy E_ ratio on thestraincharacteristics of threlayer FML
coupons: (aktrainat FML yielding; (b)strain at ultimaté-ML strength.

The preceding discussion demonstratest the ratio of0 j U of the FML layups
provides a useful measure of the strength and stiffness characteristibe thfreelayer FML
coupons subject to uniaxial tension. However, becauskeofi¢pendence of the base material
strain capacities on thetrain characteristics of FML, the ratio of j 0 does not provide a
useful measure of the strainyaglding orthe strainultimate strengttof the FML. Therefore an
analysis was performed to establish whether the ratio of theyddtstiffnessy to the elastic
stiffness of FML (0 j 0 ) would providea better measure of tlsérain capacity of FMLThis
rati o was shape facta® d a $ h £ h @ j Ov provides anarfdication of the general
shape of the uniaxial tensile stresggin curve. The physical significance of tieape factor

0 jU is to describe the shape of the axial tension ss&as curve of FML. A value of
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0 jUu O pindicaes that the postield slope exhibits significant strain hardening after yielding.

Avalue ofv j 0 © mindicates the coupon exhibits elagierfect plastic behavior.

Figure5.14 shows a comparison of tishape factoo 70 for threelayer FML coupons as
a function of the ratioad  j 0 . The results ifFigure5.14 indicate that increasing the relative
stiffness of FRP to thietal elastic FML stiffness controls the shape of the FML sts&ssn curve.
For example, FML coupons T3 and T5 witht v &ff-axisfabrichad low valuesob  j 0
T Tbecause the stressrain response of the bafsdbric exhibited nearly elastigerfect plastic
behavior. This can be seen in the stgsain curves for theday-upsin Figure5.8 (a) which are
similar in shape to the stresgain curves for 20243 aluminum. On the other hand, the strain
lay-up T1 with uniaxial fabric and a relatively large jU 1@ Tratio showed significant
strain hardening after yieldingrigure5.7 (a)] as the FRP layers were responsible for nearly 80%
of the totil load carried by the layp immediately prior to failureHigure5.7 (b)]. Therefore, it is

reasonable to conclude that gtepe factov j 0 provides a reasonable measure of the shape of

the FML stressstrain curves.
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Figure 5.14: Relationship between shape factqg |L- and FRP contribution to FML elastic
stiffnessl. 4 ji L

Figure5.15shows the effect of thehape factob j 0 on the strain characteristics of three
layer FML coupons. Generally, the ratiowfj 0 provides a better measure of the strain at yield
- and strain at ultimate than the ratio oD | 0 on the basis of improved correlation

using a linear bedtt curve. While the strain characteristics of FML coupons are highly dependent
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on the strain capacities of the base materials, the resWHigune5.15 suggest that the ratio of

0 j U can provide an approximate measure of deformation behavior of FML.

Therefore, based the results of the coupon tests, the analysis in Chapter 6 will investigate the
behavior of confined concrete inrtes of the confiementratio™Q "Q , the relative contribution of
FRP to the elastic stiffness of the FML, 0 , and theshape factob j 0 , which describes

the shape of the FML stressrain curve.
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Figure 5.15: Effect of theshape factot_j E_on the strain characteristics of trHlager FML
coupons: (a) strain at FML vyielding; (b) strain at ultimate FML strength.

5.5 Validation of Analytical Model

A comparison bthe FML uniaxial load-strain curvesobtained experimentally arttiose
predicted using the ROM is shownkigure5.16. In generalthe ROM predictionsre in good
agreement with thexperimentallyobtained loagstrain curvesDifferencesbetweerexperimental
and predicted behavior could partially attributed tadebonding between the fabric and aluminum
layers which tended to beginaiound 70% ofO . This phenomenon can be seerfFigure5.16
for the response of FMLs with woven fabrics (T2, T6, T10, Twh)ch experienced some
debonding prior to achieving peak loathe interlayer bond strength can aisdluence the
mechanical properties ¢fMLs (Abdullah et al. 2015). Anothgrotential discrepancy may be
attributed to the fact that the ROM predicts failure of¢bapon to occur instantaneously upon
reaching the ultimate strain of the constituent materials. However, during the experimental tests,

it was observed that couponltae was ofterprogressivan nature, occurring firsn individual
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fibers of the fabric layer then spreading through the width of the coupon with increasing load. This

behavior is not accouad for in the ROM methodology used in this research.
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The ROManalysis results foelastic stiffness, inelastic stiffness, yield strengthd peak
strength are plotted against the average experimental resulgure 5.17. The analytical
predictions argon averagepithin £10% of the experimental averagdeis likely that thestiffness
and vyield strength of the bonded ahd FRP layers are underpredicted by R@halysis as it
cannotaccount folbonding or level of bond stretigin between the layerkikewise,as strength

degradation in the pogield region is not considerethe peak strength is overpredictedthg
ROM.
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5.6 Summary

Uniaxial tensile tests ovariousconfigurationsof FML and FRRcoupons were performed to
understand theffect offiber orientation, fabric architecture, and number of layers on the load
strain behavior of the tensifpecimensThe tensile bhavior of the FML couponsaspredicted
usingaROM analysis and validateafjainst theexperimental resultKey findingsof theuniaxial

test programnclude:

1. The loadstrain response dfML tensile coupons exhibited three distinct regjons
beginning withelastic responsef the coupon, followed bijnelastic response after
yielding of the aluminum layer, and a residual strength phase after failure of either

aluminum or FRP layer.

2. FML coupons with 1 v @lass fabrics exhibited pseudtasticplastic stresstrain
response, while coupons witht Jand 1t Jw 1T Jabrics exhibited strain hardening

after yielding of aluminum layers.

3. The effect of increasing the number of layers of the FML on the tensilestcaul
characteristicavas to increasethe overall strength and stiffness of the coupons.

Increasing the number of layers of the FML did not affect the strain at yield or ultimate.

4. The effect of fiber orientation on FML behavior can be summarized as: {&)®on
FML composites tereblto be stronger and stiffer than -@kis FML composites and
exhibitedstrain hardening behavior after yielding of the aluminum layers; (2sf
FML composites teretito be relatively weaker than @xis FML composites butad
the advantage of pseu@tasteperfect plastic behavior anduldundergo much larger

inelastic strains.

5. The effect of fabric architecture on FML behavior waghe strength and stiffness of
the composite. The FMLs with the unidirectional FRP layers eduitihe strongest
performance because all unidirectional fibers in the FRP layers aligned in the
direction of the applied loadThe strength and stiffness of FMLs with woven
architecture watessthan corresponding nemoven layupsbecausehe interwoven

fiberswerenot perfectly aligned with the direction of applied load.
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6. The ratio of the relative contribution thfecompositdayers to the total elastic stiffness
of the FML composites) j U was found to be a good indicator of the mechanical

propertiesof the FML layups.

7. AnFMLA s h a p e ddfired ds the ratio of theostyield stiffnes) to the elastic
stiffnessu , was proposed to describe tsigape of théoad-strainresponsef FML.
A value of0 j O © pindicates that the pogield slope exhibits significant strain
hardening after yielding. A value of j U © mindicates the couppexhibits elastic

perfect plastic behavior.

8. TheRule ofMixture (ROM) method was used to predict the lga@in response of
the FML couponsGood agreement between the predicted and expeahmamtlinear

behavior of the FML layups was obtained usinggfROM method.
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6 Behavior of Concrete Cylinders Confined by FML
Composites

6.1 Overview

Axial compression testing ofoncrete cylinders confined by FML composites was
performed to investigate the influence of variousdgyschemes on trerength and ductility of
the confined cylindersThe test parameters included the effect of the number of layers, the fiber
orientaton, and fabric architectuad the FML jacketsThe confining effect of conventional FRP
wrapswasalso investigated telucidatedifferencesn FRP and FML confinement mechanisms.
This chapter begins with a discussion of the material properties, test, raatt test procedurer
the confined concrete testBhe confinement test resulfgniaxial stressstrain relationshiand
cylinder dilation behaviorfor 11 sets of cylinders with different wrapping scheraesthen
discussedAn analytical model is #n presented that can generally capture the confinement
characteristics of FML with reasonable accuracy.

6.2 Materials and Methods

A total of thirty-eight (38) %op @& & ¢ &G & concrete cylinders were
manufactured, jacketed, and test€de test matrixor the cylinder tests, including a description
of the jacket configurations, is presented @ble6.1. The test variables consisted of: {18 effect
of increasing the number of FML layers from a 2/1 to a 3/2 configuration; (2) the effect of varying
the fiber orientationfor unidirectional 1t fabric, bdirectional oraxis Tifw T fabric, and a
bidirectional offaxis fabric 1 uv; and (3) the effect of varying the fabric architecture from woven
to nonwoven configurationsThe uniaxial tensile characteristics of the FML and FRP jackets

investigated in the cylinder tests wadentical to the layup schemes discussed in Chagter

The concretecylinders werecast in two separate phases. The average unconfined cylinder
strength’Q of Phasel tests was 35 MPa amwdas 39 MPa for Phase 2 testéie average jacket
thicknesso of the specimenseported inTable 6.1 was obtained by subtracting tieminal
cylinder diameter from the average outer diameter including the jacket itself. The theoretical

volume fractions of aluminund , fibers, 0 , and epmy, 0, were computed following the
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procedure described in Secti@2 The thicknesses of the composite jackets applied to the
concrete cylinders, shown irable6.1, were onaveragel5-20% greater thathe thickness of the
correspondingensile couponggeportedn Table5.1. The increase in jacket thicknessigibuted

to two factors (1) the process of jacketirthe concretecylinders was considerabigoreinvolved

than the process of preparifigt tensile capons and (2)each layer of fabri@and aluminum
wrapped around the cylinders had a 76 mm loveylapcontributed taan increase in the average

concrete jacket thickness compared to the flat coupons

Table 6.1: Test matrix othe FML and FRP confinecbncrete cylinders.

Unconfined Tensile « Volume Fractions
Lay-up Jacket No. of o (mm) z= —
#  Stength, (Table configuration replicates (COV e N
Y ° P CON 00" o) 00 ()
C1 - None 5 N/A - - - -
« s 1.85
C2 T1 TTO Ot 3 (4.84%) 7.03 23 26 51
THW T O O 1.49
C3 T2 To T 3 (8.61%) 5.68 29 17 54
n s 1.63
c4 T3 TUddaTUL 3 (L6206 028 26 16 58
Phase 2 Tfw TO O 1.78
C5 35 MPa T4 T 10 3 (8.26%) 6.77 24 27 49
w s 1.84
C6 T8 TWaTtv 3 (L7 098 23 26 51
Tfw 1T O Ot 548
C7 T6 T O Ot 2 50 9.31 35 15 50
Tom (3.02%)
1.05
C8 T9 TUL 2 (0.47% 4.07 - 36 64
C9 - None 5 N/A - - - -
TfW 1T O O 1.30
C10 T10 T T 4 (9.00%) 5.00 34 20 46
TfW 1T O O 513
C11 Phase 1 T11 T T O Ot 3 oo 8.50 41 18 41
39 MPa PRI (3.12%)
0.94
C12 T7 W 1T 3 (17.23%) 3.50 - 41 59
1.43
C13 T6 W TT 3 (4.71%) 5.50 - 45 55
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6.2.1 SpecimenPreparation

All cylinders were constructedand evaluatedat the Thomas M. Murray Structural
Engineering and Materials Laboratoip Blacksburg, VA In general, jacketed cylinder
preparation involved three phases: (1) mixing and plattiegoncrete; (2)preparation of the

jacket materials and performing tbginder jacketing; and (3) finishing the ends of the cylinders.

The cylinders for the test prograwere mixed and placed in two separpl®sesBoth
mixes used 12.7 mm crushed stone aggremaddype | Portlandcement The Phase | mix was
desigred to havea 28-day compressive strengtti ¢ @b 0 ¢and Phase Il designed form 0 &
Both mixes were intended to haaeslump of 100 mm. The batch proportions for the two mixes
areshown inTable6.2. Concrete was mixed usirag).03 nt electric drum mixer. Fresh concrete
was placed into plastic molds having a diameter of 101.6 mm and a height of 203.2 mm. The

cylinder caps were closed and left to cure for 4 weeks prior to demolding.

Table 6.2: Concrete mix designs.
Weight/cubic meter of concrete (kg/m)

Material
Phasel Phase2
Target 28day strength "Q (MPa) 28 40
Water to cement ratia) o 0.31 0.48
Portland cement 337 356
Coarse aggregate (#78) 1049 1089
Fine Aggregate (Natural sand) 785 812
Water 106 172

The application of externally bonded FML composites to the concrete cylinders was
performed using a wet layp techniqueThe manufacturing procedure consisted of the following

steps:

1. Bulk duminum sheets and fiber fabrics welécut to 395 mm long x 199 mm wide.
Figure6.1 shows the cuttingnd rollingplan for the aluminum sheets. Tleagth of the
sheets was determined by the perimeter of the cylimtgeased by6 mmto account
for theoverlap length. The results of preliminary spliced tension coupon tests showed
that a 76 mm overlap was sufficient to develop the ultimtaength of the composite

outside of the splice region.
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2. The surface of the aluminum sheets was prepared using mechanical abrasion, following

the procedure described in Sectba

3.  The aluminum sheets were then formed oylindrical shells having the same diameter
as the concrete cylinders. gheet metal rollershown inFigure 6.2, was used to

incrementallybendthe sheetauntil thetargetcurvaturewas achieved
4.  The surface of theylindrical shells was degreased with acetone and allowed to dry.
5. Concretesurfaces were prepared by removing any loose debris, dust, dirt, etc.

6. Epoxy resin was mixed according to the manufacturer recommendatiosisant
coupling agentliosed at 3% by weight of epoxyas added to enhantiee aluminum

fiber bond characteristicas described in Sectigh3.
7.  Epoxy resin was then applied to the surface of the cylinder using a brush.

8. The first fiberlayerwas saturated with epoxy using a Wrushe saturated fabric sheet
was then applied to the surface of the cylinder with a 76 mm overlap, as sHéiguarin
6.3 (a).

9. Thecylindrical shell was coated on both sides with a thin layer of epoxy using a brush.
The shell was then applied to the concrete cylinder, offsetting the overlap position

relative tothe previous layes shown in shown iRigure6.3 (b).

10. The next fabric layer was saturated with epoxy and applied to the cylinder. The fabric
was pulled taught to tightlglampthe cylindrical shell in positioraround the cylinder
The fabric overlap was again offset from the other overlaps, as shdwguine6.3 (c).

A photograph of the fabric layer being applied is showrigure6.4 (a).

11. As required, additionatylindrical shells and fiber fabrics were applied by repeating

steps 9 and 10.

12. Specimens were left to cure abro temperature for at least two weeks prior to cylinder

end finishing.

Photographs of typical FRP and FML confined cylinders are shoviigure 6.4 (b) and (c),

respectively.
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@ | (b) ©
Figure 6.2: Preparation of aluminum shells: (a) early rolling with large radius of curvature; (b)
subsequent forming with smaller radius of curvature; (c) completed shell with 76 mm overlap.

First layer: Epoxy
saturated fabric
sheet

Second layer: 76 mm
76 mm Aluminum sheet

with epoxy

coating

(a) (b) (©)
Figure 6.3: Wrapping procedure for FML jacketed cylindeithitrationadapted from Wu et al.
2008).
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