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ABSTRACT

This research work deals with development of a hoetofitting element for RC
structures designated as “Hybrid Composite Plat€R}1. This prefabricated element is
composed of a thin strain hardening cementitiouspmsite (SHCC) plate reinforced with
either near surface mounted CFRP (NSM-CFRP) laminatlesignated as HER or
externally bonded CFRP (EB-CFRP) sheets, designaselCES. From the material-
structural point of view, this system benefits frame high ductility of SHCC and the high
tensile strength of CFRP in retrofitting of RC stiwres. HCP is essentially tailored to be
significantly free of the shortcomings identifiedthe most advanced available retrofitting
techniques, such as textile reinforced mortar (TRMJ conventional FRP systems.
Furthermore, it is possible to attach this propasestem to the RC members by means of

either adhesive, chemical anchors or a combinaliereof.

The investigation carried out is mainly dedicatedthie development of HCP and
assessment of its structural efficiency for upgrgtiepairing RC members with a variety of
retrofitting demands. In this framework, serieerperimental tests are executed to assess
HCP retrofitting efficiency for upgrading sheagxural and energy dissipation capacity of
RC members. Results of these experimental testéro@ad HCP’s high potential for
retrofitting RC structures. An analytical approashpresented to estimate the ultimate
flexural capacity of the beams with an HCP attachedheir soffit, which is further
complemented with a numerical strategy to prediet lbad-deflection response of such
retrofitted beams. The proposed analytical and mizadeapproaches accurately predict the
flexural capacity and load-deflection responsdleairally strengthened beams using HCP.
Finally, adopting a combination of experimentaltdeand finite element modelling,
recommendations for an optimized HERnd its connection with concrete are provided.
The local bond stress-slip models at the intertfc8FRP-SHCC and interface of HEP
concrete are determined. Based on results obtagopehtions correlating the pull force
capacity of the HCP to the CFRP-SHCC bond length for CFRP laminateth wio
different axial stiffness are derived.






RESUMO

Esta tese apresenta a investigacdo realizada pa@senvolvimento de um novo
elemento visando o refor¢co de estruturas de betdado (BA) designado pddybrid
Composite PlatéHCP). Este elemento consiste num painel prédatdla composto por uma
fina camada de material de matriz cimenticia amteselo comportamento de
endurecimento em tragdo ( SHCC) reforcada laminddasatriz polimérica reforcada com
fibras de carbono (CFRP) inseridos a superfisieaf Surface Mountgddesignado por
HCPY, ou com manta de CFRP aplicada segundo a técaicaldgem exterior (externally
bonded, EB-CFRP), designadas por ICHDo ponto de vista estrutural, este sistema
beneficia da alta ductilidade do SHCC e da elevasiaténcia a tragdo do CFRP no reforgo
de estruturas de BA. O HCP afigura-se como umeg&olapropriada essencialmente por
nao apresentar as deficiéncias identificadas cagts mais avancadas de refor¢o estrutural
atualmente disponiveis, tais como TRMxXtile Reinforced Mortare sistemas FRHAFiper
Reinforced Polymér O sistema proposto permite uma ligacdo aos eleeele BA através
de resina epoOxi, ancoragem quimica ou uma comlonagdre estes. A investigacdo
realizada foi dedicada ao desenvolvimento do H@Radacdo da sua eficiéncia estrutural
para melhorar ou reparar elementos de BA para wanadade de exigéncias de reforgo.
Com este objetivo, uma série de ensaios foranzestds para avaliar a eficiéncia do reforco
do HCP ao corte, flexdo e capacidade de dissipdg@mergia de elementos de BA. Uma
formulacdo analitica foi desenvolvida para estimaesisténcia a flexdo de vigas de BA
reforcadas com HCP ligado a sua face inferior. Bbardagem foi completada com um
modelo numérico para prever a resposta carga-def@ondestas vigas. A formulacéo
analitica e o modelo numérica propostos previrarm qarecisdo, respetivamente, a
capacidade de flexdo e a resposta carga-deformdgéduvigas reforcadas com HCP.
Finalmente, com base na combinacdo de resultadess#gns experimentais e modelos de
elementos finitos, s&o fornecidas recomendacgdesgatimizacio do HEPe a sua ligacio
ao betdo. Para a caracterizacdo das interfaces -SHRE betdo-HCP foram
determinadas leis tensao versus deslizamento. @eeros resultados obtidos, apresentam-
se as equacoes que relacionam a capacidade dédeagio do HCP com o comprimento
de ligacdo do CFRP-SHCC composto por camadas d® @bfdas de rigidez distinta.
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Chapter 1: Introduction

1.1 Background

The deterioration or deficient functioning of reanéed concrete (RC) structures can be
caused by ageing effects on its intervening mdseridesign and/or construction
inaccuracies, or loading conditions not consideneithe design phase. To restore, or even
to increase the aimed working performance for tie of structures, fiber reinforced
polymer (FRP) systems have been used with apptecalccess during the last 25 years,
mainly due to the well-known advantages of thestenads (e.g., lightness and high tensile
strength) and the associated strengthening techsigeasy and fast application, small
interference on the dimensions of the structuteetoetrofitted) [1-3].

Externally Bonded FRP sheets (EB-FRP) and Near8eflounted strips/rods of FRP
(NSM-FRP), are the most common FRP-based technigsed for the strengthening of
existing RC structures. According to these techesguin an EB-FRP system the
fabric/laminate is bonded to the external facehefRC element to be strengthened, while,
in the NSM system FRP laminates/rods are bondedhmtpre-sawn grooves on the concrete

cover of the element.

In FRP-based strengthening techniques, epoxy iesiften used as both the polymeric
matrix of FRP composite and the adhesive to bonE B{stem to the substrate. Although
epoxy resin assures a relatively high bond streagthe interface of FRP and the concrete
member, durability of resin epoxies and their perfance at high temperatures (higher than
glass transition temperature of epofy) are the concerns that need to be properly

addressed for a an even more extensive use of BR&dbetrofitting systems [4-6].

Moreover, premature failure of FRP systems, duddioonding from the substrate or
detachment of concrete cover (rip-off), restridi® tmaximum tensile strain that these
systems can sustain. These shortcomings causera $&¥P material underutilization, since
to assure a safe FRP-to-concrete interface perfoceydhe design FRP strain is limited to a
fraction of its ultimate tensile capacity. Thisdtian of FRP tensile capacity can be even
less than 25% [7].
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The other issue, mainly associated with exposed By&Rems, is their vulnerability

against vandalism and impact loads.

It should be noted that although the abovementiahedticomings are of less concern in
the case of NSM-FRP, this technique has lower egipdin versatility than EB-FRP. In fact,
the number and shape of the FRPs in NSM technicguknaited to the depth of the concrete
cover, and in the case of flexural strengthenirgp db the width of the element to be
retrofitted. Furthermore, cutting grooves in theNN&chnique not only involves the risk of
introducing damages to the internal reinforcemehtsn RC member, but also can result in

weakening of the concrete cover.

In an effort to delay or overcome the debondin@deient issue in EBR system, various
configurations of mechanical anchors have beenieduldy different researchers [8, 9].
These mechanical anchors are often made of eitb&lin or FRP materials. Metallic based
anchors not only involve the possibility of cormsi they may also cause stress
concentration at the anchored regions, and consdigugromote the risk of premature
rupture of the strengthening layer. If mechanicat¢heors are made of FRPs, they are
susceptible to the aforementioned drawbacks of BiRems, e.g. vulnerability against
vandalism, and the risk of degradation in mechéampicgperties of the bonding epoxy resin
due to the high temperature or attacking of harrofidmicals.

Mechanically Fastened FRP (MF-FRP) systems have pegosed as an alternative to
adhesively bonded FRPs, mainly developed to bepa natrofitting technique for RC
members [10-12]. According to this technique, preed FRP laminates with an enhanced
bearing capacity are attached to the concrete ubdily means of mechanical fasteners,
without applying any adhesive at the FRP-Concretrface. When compared to adhesively
bonded FRP systems, the MF-FRP technique is a piognietrofitting approach, since it
provides rapid installation, higher ductility, apdtentially higher FRP-RC connection
durability. However, some concerns can still be ertiged, such as limitation in stress
transfer between concrete and FRP (depends onuthbar and strength of the installed
discrete fasteners and the quality of concrete gptiege potential of galvanic corrosion of
the fasteners in contact with carbon FRP lamireté, the reliability of the FRP laminate
yet exposed to the environmental conditions andlasm.
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Replacing epoxy resin of an FRP system with certiead matrix is one of the most
recent efforts to alleviate shortcomings associatitid the bonding agents in FRP systems.
In the case of using conventional fiber sheetspitkegpoxy resin, the granular inherent of
cementitious matrices is not appropriate for pextietn and impregnation of fiber sheets,
hence, achieving a strong interface bond betwdmrdiand matrix remains a challenge.
Therefore, in this recently developed system, lestr fiber grids are used in place of fiber
sheets to enhance the composite action betweenethentitious matrix and the fabric

through an interlocking mechanism.

Depending on the structure of the fabric, the tgpe¢he cementitious matrix and the
application technique, these systems are designatdterature as Textile Reinforced
Mortar or Textile Reinforced Concrete (TRM or TRE)3-15], Fabric Reinforced
Cementitious Matrix (FRCM) [16] and Mineral Basedr@posites (MBC) [17]. Hereatfter,
for the sake of convenience, the designation of TiRlsed to refer to all different types of
this cement based retrofitting composite.

Although, TRMs are free of FRP’s deficiencies sasha poor performance of epoxy
resin at high temperatures and the vulnerabilitthefexposed FRPs to vandalism or impact
loads, premature debonding either at the interfssteveen cementitious matrix and the
retrofitted member, or between the matrix and iber$ restricts their retrofitting efficiency
[14, 15]. Furthermore, TRMs are highly deformalajch is favorable to increase ductility
and energy dissipation capacity of the upgradedireg elements subjected to extreme
loading conditions, but their excessive deflectama wide crack openings adversely affect
the efficiency of these systems in enhancing sealdity functions of the
upgraded/repaired concrete structures.

The risk of drying shrinkage of the fresh cemeuwitis matrix in contact with the concrete
substrate is another concern regarding the usd&kdfsTin retrofitting designs. Finally, as
compared to the installation process of FRP systamgslying several layers of fabrics in
TRM increases the in-situ workmanship job, whichamsequence causes higher retrofitting

costs.
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1.2 Motivations

While the need to repair and upgrade the existingcres is an ongoing demand,
sustainability and reliability of the intervenintgments play a significant role in long-term
cost-efficiency of retrofitting proposals, prolongithe serviceability of the structure to be
retrofitted.

Moreover, in general, the concrete cover of ageti deteriorated RC members has a
poor condition, e.g. cracked and/or spalled corareters due to the long-term creep of RC
elements and/or expansion of their corroded stelefarcements. To achieve effective
performance of the externally bonded strengthealaments, the deficient concrete covers
should be firstly either repaired or replaced. Heaveeven after repairing/replacing, the
concrete cover often acts as the weakest linkanstiear stress transference path between
the concrete member and the retrofitting schemecelethe connection of an external
retrofitting system should be capable of safely itmobg the strengthening potential of the
retrofitting layer to the member subjected to thgrade/repair. This aim can be attained if
the bearing capacity of the strengthening elemesuificient to mobilize the developed
forces, even if partially, through shearing anddieg of the anchor rods to the core concrete
of the retrofitted member. Therefore, if such sfitbening elements are attached to members
possessing poor concrete cover, a combination diarmrods and adhesive is most likely
suitable to avoid a very premature failure at titerlayers shear transference path.

Finally, to achieve a robust retrofitting solutidhe feasibility of in-situ application of
the intervening elements, including the requireaetiand skill for their installation, should
be combined with the above-mentioned features fdiiiyaand reliability). However, to
date, none of the existing retrofitting techniqudters these features integrated, which
indicates the need of developing new sustainaldagthening systems.

1.3 Thesis Objectives and Methodology

The present research work proposes to study a netvefitting element, author has
designated as “Hybrid Composite Plate (HCP)”, whedmbines the potential structural
effectiveness of prefabricated plates made of istrardening Cementitious Composite
(SHCC) with Carbon FRP (CFRP) for the retrofittrgctices.

4
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HCP constituents are selected and tailored ainangchieve an alternative solution to
the conventional applications of FRP systems, mifera higher durability, enduring
temperatures relatively higher thgp(with marginal degradation), providing the cap@pil
of being attached to the concrete substrate by snedmanchor rods, adhesive or a
combination thereof, and finally, assuring an i#istallation feasibility.

Therefore, in alignment with the objectives outtirebove, the present research work is
dedicated to the development of HCP and assedsirgpmstructability, applicability, and
retrofitting efficiency for upgrading and repairii®fC members. To this end, initially, two
different configurations of HCP are developed amgirtretrofitting efficiency is assessed,
within a preliminary study, by means of the thrempbending tests carried out on shear-
critical short RC beams. The shear capacity ofehmsams is upgraded adopting different
retrofitting schemes, including each of the propld3€Ps. The results of these experimental
tests are analyzed and compared to each othematmde obtained by testing reference
specimens in order to evaluate shear retrofittioggptial of the proposed schemes. In this
phase of study, the fabrication process of each H@RIluding developing SHCC),
techniques to attach these elements to the RC nrerahd their retrofitting efficiency are
evaluated.

Furthermore, this research work is continued ithassessment of the HCP retrofitting
efficiency in enhancing seismic performance offidale damaged RC beam-column joints,
and also upgrading flexural capacity of relativddyge-scale RC beams. Moreover,
analytical and numerical approaches are proposedettict the performance of flexurally
retrofitted RC beams using HCP.

Finally, based on a combination of experimental antherical approaches, optimizing
HCP and its connection with RC elements are ingasd.
1.4 Thesis Organization

Including the present chapter, this thesis is cosedmf eight chapters and an annex,
described briefly below:
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Chapter 2 is a literature review on the applications of F&Rhe most common to date
retrofitting solution for the existing RC membeikhis chapter reviews different FRP
strengthening technigues and highlights their knagwantages and shortcomings.

Chapter 3 is an introduction on SHCC, its micromechanicadigie concept, durability
and applications.

Chapter 4 discusses the methodology adopted to develop HQP \arifies its
constructability and applicability as a prefabrezhtetrofitting solution. Two different types
of HCPs- HCE®) and HCH)- are proposed and developed. Further in this enafite
methodology used for SHCC processing and charartgrifor the purpose being used for
development of HCP, is described. Finally, throagkeries of preliminary experimental
tests on short-span shear-critical RC beams, thegthening effectiveness of both types of
HCPs is assessed and discussed.

Chapter 5 addresses the assessment of effectiveness of 6tGPdrading the energy
dissipation capacity of the RC elements, requi@dexample in the case of structures
deficient against seismic action. This aim is aekiewith experimental investigations on
the cyclic performance of damaged full-scale imieRC beam-column joints repaired by
attaching HCPs at their critical regions. Moreoeenterpart’s specimens repaired using a
cast-in-place solution were tested. Results ofethes test series are compared to verify the
influence of interface bond between the strengtigeacheme and the concrete substrate on
global seismic performance of the repaired specimen

Chapter 6 is dedicated to the assessment of the effectigenéshe HCE) for the
flexural strengthening of under-reinforced RC beaBeries of these beams strengthened
with different configurations of HGP and a variety of attaching techniques, are
experimentally tested under four point bending.v&oify the effectiveness of HEPas a
flexural strengthening scheme, the performancebege beams are compared with each
other and with that of the as-built RC beam. Flakperformance of the retrofitted beams
adopting different HC® connection systems are also compared to assestltiemce of
the attaching technique. Moreover, within this deapan analytical and a numerical
approach to predict the flexural performance of MCBtrengthened RC beams are
presented.
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Chapter 7 is focused on optimizing the constituents of HC&nd its connection system
for retrofitting of RC members. Initially, the behar of connections between the FRP
laminate and the SHCC plate, and also between @ &hd the RC block is studied through
a combination of experimental tests and finite eletranalysis on the models of pull-out
connection. Finally, finite element models are usedoptimize both HC#® and its
connection to the RC elements.

Chapter 8 summarizes the most relevant conclusions regardieeglopment and
applications of HCP in this research work. It atkentifies advantages and shortcomings of
this proposed retrofitting technique, and recommsdndher researches needs to be carried
out as the extension of present research work.

Annex A represents the VBA-code written to numerically jpeechoment-curvature of
a composite beam-section
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Chapter 2: FRP for Retrofitting of RC Structures

2.1 Introduction

Fiber Reinforced Polymers (FRPs) are composegbofyaneric matrix that is reinforced
with fibers, with a wide range of applicability froaerospace industry to constructional
practices. The most commercially available FRPssfarctural applications are comprised
of continuous fibers of carbon, glass, or aramitermosetting polymers such as epoxy and
vinyl-ester are often used as the polymeric mdtnixhese systems. Depending on the type
of structural application, FRP systems can be dedy as a dry-fabric or a pre-cured
composite. A dry fabric is impregnated with epoxsin in job-site, which provides
feasibility to its wet layup application for diffent structural shapes. This FRP application
procedure is designated “wet-layup”. FRP lamings#isps) and bars are the examples of
pre-cured FRP systems. FRP laminates are ofterliedpa roll of thin strip with a variety
of widths and thicknesses, upon the request oflédsgner, and they are generally used in
retrofitting applications of structural members.H-®ds are utilized as both a constructional
member, for example as a replacement of reinforstegl rebars, and a retrofitting element.

Nowadays it is widely accepted that FRPs are awieftt retrofitting alternative for
reinforced concrete (RC) elements, in place ofresiyy bonded steel plates as a traditional
retrofitting technique [1-4]. While corrosion daéacy of steel plates, their high weight, and
their poor interfacial bond performance with cotersubstrate are generally characterized
as the major shortcomings of externally bondedl stle¢es, FRP materials offer a high
tensile strength-to-weight ratio, corrosion resise and application versatility.

Depending on the technique employed to enhancl#decarrying capacity of an RC
structural member, FRP strengthening systems carcadbegorized in three groups:
Externally Bonded FRP sheets/laminates (EB-FRP)arN8urface Mounted FRP
laminate/rods (NSM-FRP) and Multi-Fastened FRP teatés (MF-FRP). A description of
each of these techniques can be found in the fallpaection.
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As listed below, there are also concerns regarttiagperformance of FRP materials for
the strengthening applications [5-8], however, aelreg on the adopted attaching technique
the impact of these concerns for the strengtheniifRC elements may be varied:

(i) Premature failure due to debonding/detachmemnfthe retrofitted substrate that
limits the effective utilization of FRP capacityn Imost of the experiments on the
strengthened RC elements, debonding of FRP aia struch lower than its tensile capacity
(rupture) is reported;

(i) The bond performance of FRP systems subjetdeelevated temperatures (higher
than glass transition temperature of epdy,deteriorates rapidly;

(i) The bond strength is also susceptible to ddgtion by a long-time exposure to

severe environmental conditions, hence arisingllitsaconcerns;
(iv) Finally, exposed FRPs are vulnerable agaiasthalism.

Another issue, which may not be categorized asream but as an unsatisfactory
performance, is related to the linear-elastic b&imaaf FRP composites up to their tensile
rupture. This linearity of the tensile responseRP materials, adversely affects the ductility
of the retrofitted elements, and restricts the e¢fNeness of this retrofitting solution if
utilized for enhancing the energy dissipation cépaxf the structural elements.

To achieve a secure FRP-to-concrete stress trahsfergh the contact bond, allowable
FRP strain should be lowered as the degree of gitiening demand increases [9].
Therefore, low level of FRP strengthening efficigng expected if higher modulus fibers
and multiple composite layers are used.

Since issues related to both the premature debgfiitachment and the procedures
resulting in weakening of FRP bonded systems dteistler study, they are not yet well
identified or formulated. Consequently, most of thesign codes impose relatively large
reduction parameters to limit the maximum strained@ment in FRP systems, aiming at
providing a higher reliability for applications diiis strengthening technique, e.g. ACI
440.2R-08 [10]. To maintain a reliable FRP-to-c@terbond stress, the strain restriction in
the case of using high stiffness strengtheningrléyg. multi-ply FRPS), can be even less

than 25% of the FRP rupture strain that results tao conservative utilization of the FRP

12
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strengthening potential [9]. Obviously, this apmioaaffects sustainability of FRP
composites based retrofitting solutions by incregsine eventual cost of designed schemes.

Anchorage of the FRP (mechanical anchoring or otheans) is a technique to
significantly improve the efficiency of FRP systentsence, providing a solution to
premature debonding/detachment. Nonetheless, takmg account brittleness and
anisotropic nature of FRPs, anchoring these cong®i a challenge. Moreover, the data
available regarding the performance of these sysismtill too limited to propose design
strategies. Hence, according to most of the FREhgthening design codes (for example
[10]) an extensive examination on the anchorag®praance before field implementation
is compulsory.

In this chapter, a literature review on FRP appilices for flexural strengthening of RC
beams and also enhancing seismic characteristBR&Cdieam-column joints are presented.
Common FRP strengthening techniques and their geffieiure modes are introduced.
Moreover, a review on most to-date researched aaghosystems for externally bonded
FRPs together with a description of their advandaeged shortcomings are available.

2.2 FRP for Flexural Strengthening of RC Beams

For the purpose of flexural strengthening, apannfithe strengthening technique, the
FRP material will be attached to the tension facar{to the grooves pre-sawn in this face)
of the RC beam to have its maximum efficiency ihamcing load carrying capacity of the
retrofitted member. Rarely, FRP is also attachettiédower parts of the lateral faces of the
beam, especially when its bottom face is not rgaitessible and achieving a high increase
in ultimate flexural capacity is not a design olijex

Following, a description on each of these FRP gtlfemning techniques combined with
a literature review on their applications and pecattchallenges for enhancing flexural
performance of RC beams can be found.

2.2.1 Externally Bonded FRP Systems (EB-FRP)

One of the concerns in the application of FRP agélsbonded to the external faces of

RC members is the restriction in developing thédapacity of the strengthening composite
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due to a premature debonding/detachment (see Fglir¢l1-14]. Debonding occurs either
at the interface of the adhesive and the FRPgeanhtkrface of the adhesive and the concrete,
or by the cohesive failure of the adhesive mateatsalf. On the other hand, detachment is
identified when a horizontal crack progresses imccete cover, often below the longitudinal
tension steel bars, causing the separation off#ietBgether with a layer of concrete cover
bonded to it. Although a number of experimental #mebretical investigations have been
conducted, the fully understanding of the mecharo$hebonding/detachment is not yet a

reality.

FRP inter-layers delamination, which is associatgth employing multi layers of
bonded fabrics in the strengthening layout, can hls mentioned as another recognized
premature failure mode of this strengthening system

As presented in Figure 2.1, the occurrence of ahyhese three failure modes
(debonding, detachment or delamination) and theiggess path follows the least resistant
link in a FRP-RC joint. As a consequence of a sadelgergy release, all of these failure
modes are quite brittle; hence, there is a lackarining at the failure of the retrofitted
element. FRP debonding is the most brittle faiand it can be avoided/delayed up to a great
extent by the choice of an appropriate FRP-to-cetedbond adhesive, the proper surface
preparation of concrete substrate, by extending-Rié reinforcement as close as possible
to the supports of the beam, or using appropriath@rages [15, 16].

Teng et al. [17] classified the observed failurede®of EB-FRP flexurally strengthened
RC beams in two main categories: (i) flexural fealat critical section that includes either
FRP rupture or crushing of concrete in a compresisiock (Figure 2.2), and (ii) FRP plate
separation (Figures 2.3 and 2.4). The flexuralifaipreserves composite action between the
FRP layer and the RC beam almost up to the ultifzsakere load, while in the FRP plate
separation failure the loss of composite actiofrigts the ultimate load carrying capacity
of the strengthened beam. Considering that nowastaystural adhesives are available, and
proper preparation of concrete substrate is a niandpb-site, Teng et al. [17] stated that
FRP plate separation often occurs in the form otoete cover detachment.
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Figure 2.1: Possible types of premature failurannFRP strengthened RC element [15]
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Figure 2.2: Flexural failure of FRP strengthenedrbsg at critical sections (a) FRP rupture,
and (b) concrete crushing, [17].
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Figure 2.3: Intermediate crack (IC) induced deboghtietachment initiated at location of
(a) flexural-shear crack, and (b) flexural cradg, [

Locations of high stress concentration, such asuf or flexural-shear cracks, are
potentials for the onset of debonding/detachmerd. pkesented in Figure 2.4, the
debonding/detachment, originated at the locatiothege cracks, progresses towards the
beam’s support. This type of concrete failure temtalled “intermediate crack (IC) induced
debonding/detachment” in the literature.

Typically in RC beams with a short and thick laydgrFRP bonded to their soffit,
debonding/detachment may initiate at the termimatb the FRP plate and will progress
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towards the mid-span in each of the different malllestrated in Figure 2.4a to Figure 2.4e
and listed below as well [18, 19]:

(a) FRP debonding initiated at a critical diagagrack (CDC) (Figure 2.4a);
(b) CDC debonding together with concrete cover adeteent (Figure 2.4b);

(c) Detachment of concrete cover initiated at #renination sections of FRP (concrete
cover rip-off) (Figure 2.4c and Figure 2.4d);

(e) Interfacial debonding at the end of the FRRepland-peeling) (Figure 2.4e).

()) | (b)
AR YN
(/L

Figure 2.4. Premature failure modes associated WRP debonding/detachment: (a) FRP
debonding initiated at a critical diagonal crackD(©), (b) CDC debonding together with
concrete cover detachment, (c) and (d) detachnfemnzrete cover initiated at the ends of
FRP plate (concrete cover rip-off) , (e) interfaad@bonding at the end of the plate (end-
peeling) (represented with modification from [17]).

Aiming to delay/prevent the premature debonding/detent of the strengthening layer

and, therefore, achieving a material cost efficjey exploiting a higher level of
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strengthening potential of bonded FRP compositeers¢ researchers have proposed and
investigated the applications of mechanical ancfids20-23]. Metallic anchors, U-jackets
or wrap configuration of FRPs, and FRP spikes (BIR€hors) can be exemplified as the
most studied anchorage systems.

Depending on the expected debonding/detachmentan&rh, each of these anchorage
systems may be installed either close to the textechends of the strengthening FRP, or
distributed along the strengthened span of the betm prevent/delay the
debonding/detachment failure modes indicated inif€i@.3 and Figure 2.4. Continuous U-
jacket or wrap of FRP bonded along the retrofitgthn can be also adopted if its
performance efficiency justifies the increasedafiting cost [24]. As compared to the
behavior of flexurally retrofitted beams based dRPFbonding without any anchorage
system, in general, the benefit of adding contisuéiRP anchor is more notable in
preserving a higher ductility than enhancing thedl@arrying capacity [25]. Following, a
review on each of these anchorage systems, thdorpmnce, and their advantages or
shortcomings, where applicable, is presented.

2.2.1.1 Metallic anchorage systems

Steel anchors were found to be the most effectadation to suppress premature
debonding/detachment associated with EB-FRP stiengig technique, since they have
high stiffness, and if secured with fasteners,atiffely contribute in both tensile and shear
resisting mechanisms [22]. However, this solut®labor intensive, costly, and its durability
issues (such as galvanic corrosion between stedl @RRP, and the possible
electrochemical oxidation) remains of concern.

Based on the results of four point bending testbath flexurally strengthened beams
and the as-built one (reference beam), Spadea g64lindicated that bonding U-Shaped
steel anchorages at the ends and along the CFRé#fittet span of the flexurally
strengthened beam results in a notable enhancemeaiposite action between FRP and
beam up to very close the ultimate load. Accordatheir investigation, the low utilization
of the tensile capacity of the bonded FRP withawyt@nchorage system, only 50%, shifted
to 86% when an appropriate layout of the U-Shapeel anchorages was implemented. This

improvement in material usage efficiency provide@828b6 increase over the flexural load
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carrying capacity of the counterpart FRP strengtddseam without any anchorage system.
Moreover, by shifting the explosive end-peelinduisa observed in the latter specimen to a
gradual slipping of the CFRP below the anchoragéesy, a noticeable success in preserving
a high ductilty was assured. Equations (2-1) a&@)(present the relationships for the

deflection {i5) and the curvatureu(,) ductility indices, respectively. According to hots

calculations, the normalized, andus (the ratio of ductility of the strengthened beanthie

as-built one) of 0.2 and 0.3, respectively, forERP bonded beam without any anchorage,
reached up to 0.3 and 0.65, for the retrofittechiewvith U-Shaped steel anchorage system.

(=9)

Deflection ductility: us = 6—” (2-1)
y
Curvature ductility:  p, = % (2-2)

where,d,, andg,, are the beam’s mid-span deflection and curvatuthe ultimate load,
respectively, whiled, andg, are the mid-span deflection and curvature at tietel yof

tension longitudinal steel bars, respectively.

Spaced steel capping plates placed on the EB-FRPsecured to the concrete beam
using fasteners (hammer pins or chemical anchoedraother type of mechanical anchors,
known as Hybrid Bonded FRP plate (HB-FRP) [27]atdition to the fasteners, adhesive
may be used to bond the capping plate to the EB-RPording to this technique, the
normal pressure exerted by the capping plates eelsathe interfacial bond resistance
between FRP and concrete, which consequently pteegoremature debonding. Although
a hammered pin fastening system was found effeatiexploiting the full strengthening
potential of a few number of FRP plies, increaging number of FRP layers adversely
affected the anchorage effectiveness. Accordintipéoexperimental observations of these
researchers, in the latter case a sudden globstlieent of FRP with the failure of a large
number of anchorage capping plates at their piratwrete connection is expected.
Moreover, by using a hammer pinning process, nét tme normal pressure cannot be
controlled, but also it may introduce detrimentffeets to the concrete cover. These
shortcomings were overcome by replacing the pirth slemical anchors [28, 29]. This
improved technique is then called Frictional Hyb&Bdnded FRP plate (FHB-FRP).

18



FRP for Retrofitting of RC Structui

Chemical anchors are composed of a threaded raaheva@and nut. The rod is fixed into a
drilled hole filled with adhesive. Tightening ofetmut causes a pre-tension into the fixed
rod. The amount of this tensile load can be coletiiaf a torque measure wrench is used for
the tightening of the nut. This controlled normaégsure enhances the FRP-concrete
interfacial bond significantly.

Zhou et al. [29] examined the effectiveness of gapplates fastened with chemical
anchors versus pinned connection by performing fpaints bending tests on flexurally FRP
retrofitted RC T-beams containing either of thesechanical fasteners (see Figure 2.5).
These results were also compared with those olotdnoen testing another counterpart’s
retrofitted beam but with spaced bonded U-ShapddsH&® the anchorage system.

The geometry and steel reinforcement detailinghef tested RC beams along with
configuration of four point bending test setup eepresented in Figure 2.6. The flexural
strengthening scheme of the abovementioned beasisamaposed of four plies of a CFRP
with a length of 5500 mm and a width of 200 mmgitudinally bonded to the beams’ soffit.
Each ply had a nominal thickness of 0.111 mm witlulamate tensile strength of 3623 MPa
at a rupture strain of 0.0157.

According to the tests observations and the medg$tiR® strain at the beam’s mid-span,
it was reported that the U-Shaped CFRP jacketingdfavith a very premature breaking as
shown in Figure 2.7a. For this anchorage method, ntaximum developed strain in
longitudinal CFRP, before its debonding, was 0.0013s level of strain was as low as 8.2%
of CFRP tensile capacity. For the beams with metafichorages, while slipping of the FRP
adjacent to the supports and the shear-off of diseehers in a pinned connection system
caused a premature debonding of FRP in a maximraim stf 0.0035, employing chemical
anchors resulted in partial rupture of CFRP inarage strain of 0.0067 (see Figure 2.7b).

19



FRP for Retrofitting of RC Structut
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Figure 2.5: Friction Hybrid Bonded FRP (FHB-FRP¥}®ms: steel caps placed over FRP
plate and then connected to the beam’s soffit u@h@ins, and (b) screw bolts, to prevent
composite layer debonding by imposing plate nopnegsure, [29].
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Figure 2.6: Load configuration and the detail obadt beams tested by Zhou et al. [29]

Moreover, comparison of the results obtained frestihg beams with two different
layouts of similar FRP anchorage systems revealeénaarkable beneficial effect in
increasing interfacial bond by decreasing the spggoetween mechanical anchorages in the
shear span. This closer spacing of mechanical aaghs led to a 46% increase in exploiting
CFRP tensile capacity.

Although authors did not mention, it can be noteat bnly a partial rupture of CFRP
layers (in some of the layers and at a portion BRE cross-section) occurred in all the
retrofitted beams containing mechanical anchoréagsned by chemical anchors. This can
be possibly attributed to the delamination progtestsveen the FRP plies and also a non-
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uniform distribution of the normal pressure exetigdhe capping plates to the strengthening
layers, which eventually results in the underitian of the strengthening material.

Figure 2.7: Observed failure modes of the strenggldboeams: (a) rupture of the U-shaped
CFRP anchor, and (b) CFRP rupture of in the beartagung capping plates with chemical
anchors, [29].

2.2.1.2 U-Shaped FRP systems

The results of experimental tests on FRP retrafiteams showed that the premature
end-peeling observed in the beams without any aageosystem can be shifted to an IC
debonding if end U-Shaped FRPs are used [30, 31§ iB the effect of FRP jackets
confinement that improves the FRP-to-concrete fia¢@l bond strength and results in a
higher resistance to tensile stresses developddeirtoncrete cover, hence, delaying the
initiation of the horizontal cracks and preventihgir progress. However, it was found that
the restraining effect of U-Shaped FRP jacket desae when moving from the edges of the
beam’s section to the center [32], see Figure Th8refore, by increasing the width of the
beam, FRP U-jacket is less effective in prevenERg debonding and sliding.

Yalim et al. [25] tested T-beams flexurally strdmgted with CFRP layers with or
without anchorages. The utilized anchorage systeas W, 7, 11 or a continuous
configuration of bonded strips of U-shaped unidimatal CFRP. Authors reported that the
configurations with 4 and 7 strips of CFRP jackendbed to the plate ends altered the end-
peeling failure mode, observed in the specimenawitlany anchorages, to the IC debonding.
CFRP debonding in these beams only took place tfteld-shape strips were ruptured. The
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failure of both specimens with eleven U-Shaped CB&Ps and continuous jacketing was
the rupture of longitudinal CFRP.

Test results also confirmed the finding of the ottesearchers indicating that although
enhancement in both ductility and ultimate flexurapacity can be achieved adopting a
continuous FRP U-shaped jacket, the benefit frolmaanement in ductility is much more
substantial than in ultimate flexural capacity. Hwar, material inefficiency in the cases
where a large number of U-Shaped CFRPs or a cants\GFRP scheme is used in order to
only prevent the debonding of the retrofitting camipe, was still remained as a challenge
[33].

Several researchers have investigated the applicafi hybrid FRP systems as a cost
competitive anchorage solution to prevent/delaymateire debonding and to achieve
sufficient ductility together with enhanced loadrgang capacity for the strengthened RC
members [24, 34-37]. For example, Xiong et al [BAjposed a cost competitive solution
aiming to prevent peeling failure (concrete covetadhment) and to achieve a satisfactory
deformation capacity in the RC beams flexurallgisgthened with CFRP sheets. According
to their proposal, a bi-directional Glass FRP (GFBfieet was introduced as a continuous
U-Shaped wrap anchorage for the CFRP strengtheeaahd Their proposal relied on the
lower cost and much larger rupture strain of GFRIfhgaring to CFRP composites.
However, they mentioned that the effectivenessisftechnique is limited to those beams
free of shear or flexural-shear failures in theidlock, since the tensile strength of GFRP
is relatively low. To assess the effectivenes$eifrtproposal, authors tested a total of 8 FRP
flexurally strengthened beams and compared théiavier with the results of testing two
reference beams (beams without external reinforoésheThe strengthened beams and one
of the reference specimens had identical geomaetiyséeel configuration, as represented in
Figure 2.9. The other reference beam, with the sggnenetry, included a higher amount of
tensile steel reinforcement, 2812 mm steel barprawide a capacity almost equivalent to
the expected flexural resistance of the CFRP stinemgd beams.
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Figure 2.8: Non-uniform restraining condition alaihg width of the beam [32]
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Figure 2.9: Configurations, test setup and streggtig layouts of the beams tested by Xiong
et al [34], (a) lateral views, and (b) cross-setdio

The strengthened specimens comprised: a beam wdtHalyers of adhesively bonded
CFRP laminates to its soffit (beam 2C); a beamlamm beam 2C but with CFRP U-shaped
strips bonded at the strengthened end (beam URG)identical beams similar to 2C but
with continuous CFRP U-shaped jacket along thetteafithe longitudinal CFRP laminates
(beams F2C(1) and F2C(2)); two beams identicaligngthened with one layer of CFRP
laminate and two layers of GFRP sheets together@iRP U-shaped jacket bonded at plate
ends (beams U1C/2G(1); and U1C/2G(2)) two beamiasiynstrengthened with one layer
of CFRP laminate and two layers of L-shaped GFREetsh(beams F1C/2G(1) and
F1C/2G(2)). As illustrated in Figure 2.10, threstuohict failure modes were recognized: end
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cover detachment (end-peeling) corresponding tddigre of beam 2C; mid-span cover
detachment for beams with end U-shaped FRP anat®fagams U1C/2G and U2C); and
FRP fracture for beams with a continuous anchoabgeg the strengthened span of the beam
(beams F2C and F1C/2G). Based on the results dletheral tests and the evaluation of the
strengthening costs, authors concluded that stiengtg with a hybrid system composed of
CFRP and GFRP, compared to the CFRP strengthesthgitjues, prevents concrete cover
detachment, thus achieving a higher fracture |@934) and ultimate deflection capacity
(52%), while a 66% reduction in strengthening ¢esibtained.

As a remark to the authors’ research, it shouldnimntioned that for an overall
assessment of the hybrid system, the influenceffefent thermal responses of GFRP and
CFRP, and also the vulnerability of GFRP againkalality in aggressive environments,
both affecting the efficacy of this system, stidlad to be taken into account.

7 ? m%ﬁ ? DT

Figure 2.10: Failure modes observed with diffetgpes of strengthening schemes: (a) beam
2C, (b) Beams U2C or U1C/2G, and (c) Beams F2CLQVEG , [34]

a

2.2.1.3 FRP spikes (FRP anchors)

These kind of anchors are made either from rolle& Eheets or bundled loose fibers,
with one of their ends bonded into a predrilledehfdled with epoxy in the concrete cover
(generally called anchor dowel) and the other gathérally known as anchor fan) bonded
onto the surface of the strengthening FRP plategfample, see Figure 2.11). In order to
prevent stress concentration, the anchor fan @&y/egland epoxy bonded. FRP anchors are
interesting mainly because of their applicatiorsiieéity on different shapes of elements,
such as slabs [38, 39], walls [40, 41] and curwathses [42].

24



FRP for Retrofitting of RC Structui

FRP anchor

i o
W FRP plate ans (bow-tic)

dowel

(@) (b)

Figure 2.11: FRP anchor (spike) configuration (egrall view, and (b) cut-away close up
view, [43]

An interesting study on the performance of FRP arsshamong others [44-46], is
probably the experimental investigation of Smithakt[43], where different layouts and
types of FRP anchors were applied to the flexurstigngthened one-way RC slabs with
FRP bonded tension face. Both types of FRP anchdopted in their research were
handmade from the same carbon sheet used forethedl strengthening of RC slabs, but
Type 1 anchors had twice the amount of fibers thgme 2. A configuration of four point
bending test setup was selected to study the hbeha¥i RC slabs. The researchers
categorized in two groups the observed flexuralguerance of the anchored strengthened
slabs (compared to the obtained result of the uraed strengthened slab and taking into
account the adopted layout of anchors): (i) thageuts improved the deflection capacity,
but resulted only in marginal increase in ultiméiexural load (S4 and S6 slabs, see
Figure 2.12 and Figure 2.13a), and (ii) the laycerthanced both flexural strength and
deflection capacity (S3, S5 and S7 slabs, see &igur2 and Figure 2.13b). Following the
analysis of the performance of these specimens,atithors proposed an optimized
configuration of FRP anchors and tested an extch@ed FRP strengthened RC slab to
examine its effectiveness. This optimized layous wamposed of a combination of both
types of anchors applied only onto the shear-spétiee FRP strengthened slab (slab S8 in
Figure 2.12). The proposed optimized scheme rekiritdargest enhancement in flexural
strength (30%) along with a notable improvemerndefiection capacity (91%), compared
to the results of the unanchored strengthened(sésbFigure 2.13b).
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Figure 2.12: layouts of FRP anchors applied to CEfRehgthened slabs in the investigation
of Smith et al. [43]
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Figure 2.13: Load-deflection response of the testalds investigated by Smith et al. [43]

(S1 is the control un-strengthened slab and Shasunanchored strengthened one), (a)
anchors layouts resulted in a notable improvenredéflection capacity rather than strength,
(b) anchors layouts enhanced both strength andatieth capacities
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2.2.2 Near Surface Mounted FRP (NSM-FRP)

According to this technique the FRP bar/strip iseied into a pre-sawn groove on
concrete cover that is already filled by a fresboge-filler. Two components epoxies are
the most used groove-fillers, since their apprderiaechanical and bond characteristics
makes them capable of transferring a high sheasstoetween FRP and its surrounding
concrete. Although cementitious materials have bstexlied as groove-fillers as well,
compared to the epoxies they are not only moreegiite to durability issues but also they
have much lower tensile strength, causing a premaaiond failure at a very low strain level
in FRP [47].

FRP bars either with a round, rectangular, squarescsection, or in the form of thin
strips, are the most common composites whose effi¢ar the strengthening of RC
structures according to the NSM technique has heesstigated in the last decades.
Depending on practical feasibilities, FRP can by for only three-sided covered by the
groove-filler (see Figure 2.14). For an identieaigile strain in FRP, a fully covered FRP
outperforms the three sided covered configurasorte a lower bond stresses due to a larger
interface bond area is expected. FRP-strips (laieiare identified as the most efficient
shape in the applications of NSM-FRP techniquesesithere is a low possibility of their
debonding from the surrounding adhesive [48-50].is Tenhanced interfacial bond
characteristic relies on the (i) minimized bonesses as a result of a large ratio of bonded
surface to the cross-sectional area of the staipg,(ii) the reduced risk of splitting failure
along the epoxy cover and the concrete groove,wbiten occurs in NSM-round and
rectangular bars.

NSM-FRP offers a relatively enhanced protectionirejaelevated temperatures,
vandalism and impact loads compared to EB-FRP [#djvever, its practical application is
restricted to the depth of concrete cover andatsdness. The possibility of cutting or
introducing damages to the existing reinforcingredats of the RC member can be perhaps
mentioned as the main practical challenge in utiegNSM-FRP system. Moreover, the
provisions aiming to prevent overlapping of thesiknstresses of the FRP rods/laminates
impose a minimum spacing between the adjacent ggoand also from the edge of the
concrete element. Thus, these spacing provisiodstenwidth of the RC member are the
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other constraints restricting the application gh@r amounts of strengthening material. For
example, following the finding of other research¢t?, 53], ACI 440.2R-08 [10]
recommended a clear grooves spacing of at least tWwe grooves depth, and a clear element
edge distance of four times of the groove deptihafgroove is an exterior one.

While the mechanisms of flexural failure discus$®dEB-FRP can be generalized to
the NSM-FRP strengthened beams as well, the preentilure of the latter is also noted
considering the debonding/detachment paths obsemvdbte NSM-FRP direct bond tests.
The premature failure of NSM-FRP system subjeategigull load may take place with any
of three possible scenarios mentioned herein [B4he interface bond failure between FRP
and epoxy (BE), (ii) the interface bond failureweén epoxy and concrete (EC), and (iii)
failure associated to the splitting of the epoxyeroand/or fracture of its surrounding
concrete in the inclined planes (SP). As illustlateFigure 2.15, each of these failure modes
includes subcategories taking into account théfieidint patterns.

Concrete 2 Concrete FRP
FRP stri
substrate P 3-side bonded substrate K rec.ran%ulan‘squnre bar

g " 4 . : ; 3-side bonded
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Figure 2.14: Different FRP shapes and adopted Iogncbnfigurations into the pre-sawn
grooves on the concrete cover [54]
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Figure 2.15: Failure modes observed in bond test®M-FRP systems (BE: bar-epoxy
interface failure, EC: epoxy-concrete interfacdufai, SP: failure associated to the splitting
of the epoxy cover and/or fracture of its surromgdioncrete in the inclined planes) [54]

Following there is a review of some of the expenmaéinvestigations and their most
relevant results, available in the literature, ba épplication of NSM-FRP system for the
flexural strengthening of RC beams.

El-Hacha and Rizkalla [49], reported the methodglagd the results of an experimental
investigation aiming to compare the performancdd®¥1-FRP and EB-FRP techniques for

flexural strengthening of RC beams, assuming arpesgd corrosion in their longitudinal
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rebars. Application of different shapes and typé$RP materials (CFRP and GFRP-
thermoplastic) were taken as the other study paerme

Details of test setup, beam’s geometry and stediguration are depicted in Figure 2.16.
To simulate the influence of corrosion, bars #1%YInm in diameter) were terminated with
a 90 degrees bend at a distance of 100 mm fromspada-of the beams at the left and right
sides, while bars #13 (12.7 mm in diameter) werdinaed along the beam span.

MTS
#13@100 kActuator 2413 — 300
243
8 —— #ae100
2400 ” A
| 2500 \ S—243
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Figure 2.16: Details of test setup, beam’s geomantiy steel configuration adopted in the

experimental research conducted by El Hacha ankhlRiz [49].

As schematically presented in Figure 2.17, seveimisewere strengthened either with
CFRP bar, CFRP strips type 1 or type 2, or GFRRxtbplastic, following NSM or EB
techniques. The only remained beam was testedeasdhtrol specimen in its as-built
condition. All the strengthening layers were desiywith an identical axial stiffnesB {4,
whereEr is the elasticity modulus andk is the total section area of the bonded FRP
composites). To prevent/delay end-peeling of EB-FR#s, U-shaped jacket of CFRP
sheets were bonded to the plate ends (see Figlirb)2Details of FRP materials in terms
of dimension and mechanical properties can be fou@dble 2.1.

Results of this experimental study showed that NGRR yields to a much higher
enhancement in load carrying capacity of the ref@@doeams as compared to the EB-FRP.
While for all beams strengthened with NSM-CFRPpstfull composite action with a CFRP
rupture were observed, the EB-CFRP reinforced bdaies by a progressive debonding
of CFRP strips and not more than 44% of tensileaciéyp of the composite layer was
exploited. Higher efficiency of NSM-FRP versus ERfFwas also confirmed according to
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the test results of the beams strengthened withRERice the increase in ultimate load
carrying capacity of the former beam compared &ldkter was at least three times larger.

For the case of the beam reinforced with NSM-CFRR & high tensile stress at the
interface of the CFRP and the epoxy caused splittalure in adhesive together with
cracking in surrounding concrete (failure mode SPi€ Figure 2.15) and thereby a
premature debonding of CFRP occurred. In the cadeBeGFRP, as a consequence of
progressive debonding at the interface of con@pteldy and then sliding of this
strengthening layer below one of the U-shaped FRkefs, the maximum measured GFRP
strips strain in the mid-span was as low as 28¥%satipture strain. In contrast, NSM-GFRP
strips achieved 61% of their strain capacity. Thars,increase of 85% in flexural load
carrying capacity of the beam strengthened with NSFPRP compared to the reference
beam was obtained, whereas the corresponding f@ldlee EB-GFRP strengthened beam
was only 28%.

The overall ductility of NSM-FRP strengthened beanes superior to the EB-FRP
strengthened ones. Among the strengthened beamuditting by NSM-CFRP strips type 2
(see Table 2.1 and Figure 2.17a) showed the hidleastral capacity with a strength gain
of 99% over the flexural capacity of the refereheam.

Table 2.1: Geometry and mechanical properties ¢t FRaterials used for the strengthening
of the beams tested by El Hacha and Rizkalla [49]

: . Ultimate :
R producs Dmensions e noitins ensle S
(mn?) (GPa) (MPg) strain (%)
CFRP bat 9.5 71.Z 122.% 140¢ 1.14
CFRP strips (Type 2x 1€ 32 14C 152¢ 1.0¢
CFRPstrips (Type 2 1.2 x 2¢ 30 15C 200C 1.3<
GFRP strip 2x 2 40 45 100C 2.2z
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Figure 2.17. Details of adopted flexural strengthgnlayout (a) NSM-FRP strips
configurations, and (b) Externally bonded FRP stiiexperimental program of El-Hacha
and Rizkalla [49])

Barros and Fortes [50] tested four series of beamder a four point bending
configuration. Each series of specimens was congpoktvo beams identical in their as-
built conditions. However, each series was differigaom the other one at the as-built
condition only by the amount of longitudinal teessiteel reinforcement. One of the beams
in each series was tested as the reference spewiitierut any strengthening layout, while
the other one was tested after strengthening WBNMCFRP strips. The strengthened beams
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in each series had either one, two or three CFR#3 gtaminates). Details of these beams,
test configuration and nominations are representétgure 2.18.

Except for the beam V1R1, which test was interrd@e20 mm of its deflection, the
failure of the other strengthened beams was idedtis the detachment of a relatively thick
concrete cover with CFRP laminates bonded tod 8gure 2.19). With an average increase
of 91%, all of the strengthened beams showed aehifjexural load carrying capacity
compared to their corresponding reference speciiftemincrease at the load corresponding
to the yield of tensile steel bars was 39% in ayerdMoreover, achieving a maximum
increase of 45%, in comparison with the refererzantos, all the strengthened beams had a
higher load carrying capacity at the deflectionregponding to serviceability limit. At the
failure of the strengthened beams, between 62 % 6flthe strain capacity of the CFRP

laminates was utilized.

According to test results, except for B500, thersgthened beams had a noticeable
increase in both flexural capacity and post craglstrength compared to those of the
reference specimen (the one without any exterrahgthening). The beam B500 failed by
concrete cover detachment initiated at the ternunadf CFRP strips and promoted by
flexural strength limitation of the un-strengthenpdrtion in the pure bending zone.
Therefore, no increase in the flexural strengthhaf beam was achieved. For both B1200
and B1800, a detachment that started at the tetimmaf CFRP strips was the governing
failure mode. In the case of these beams, similaryeam B500, a limited flexural capacity
of the un-strengthened sections was the triggethi®ionset of concrete cover detachment.
Beam B2900 failed by concrete crushing followedcbycrete cover separation close to the
maximum moment region. This beam exhibited the maxn flexural load carrying
capacity, with an increase of 106% compared wighdbntrol specimen. Although the bond
stresses attained in beams B1800 and B2900 werparabie with (even in some cases
higher than) the local bond strength obtained leyldbnd tests, no direct correlation was
found between the failure modes observed in fleixana bond tests. Therefore, authors
concluded that the results of bond tests cannositbply generalized for theoretical
prediction of the behavior of flexural beams andr¢his a need for extensive research to
overcome this challenge.
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Ceroni [55] performed monotonic and cyclic testsmams flexurally strengthened
either by EB-CFRP sheets or NSM-CFRP round barseptaty a four point bending
configuration. Investigated parameters were: @ plerformance of EBs. NSM, (ii) the
influence of different amounts of longitudinal tdessteel bars on efficiency of adopted
strengthening scheme, (iii) the termination lengthSFRPs, (iv) the number of CFRP sheet
layers, and (v) the efficiency of U-shaped CFRP -anchorages or spaced-ones to
delay/prevent EB-CFRP debonding.
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Figure 2.18: Details of test setup, beams geoneatd/steel configuration, and the adopted
strengthening layouts for the RC beams tested bsoBand Fortes [50]
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V1R1

V4R3

Figure 2.19: Failure modes and damages observedtadting the NSM-FRP strengthened
RC beams, experimental program of Barros and F{s@s

The author also compared the obtained ultimate foad experimental tests with the
estimated ones adopting different theoretical fdatians proposed in literature. She
reported that (i) an increase in the amount ofitensteel bars caused a decrease in the rate
of enhancement in the ultimate load of EB-CFRPngfitteened beams, (i) NSM-CFRP, in
comparison with equivalent EB-CFRP, showed a muettebperformance in both ductility
and the ultimate flexural load, (iii) U-shaped CFRfthorages improved the ductility of
beams strengthened by EB-CFRP with a superior pedoce for the spaced U-shaped
anchorages compared with the end anchorages,y@it doading imposed to EB-CFRP
beams contributed to a reduction of at least 10#barload carrying capacity obtained under
monotonic loading of identical beams, (v) despite ¢mbedded length of NSM-CFRP, the
failure modes of NSM strengthened beams contamilogv percentage of tensile steel was
a sudden detachment of the concrete cover surnogtide NSM bars (Figure 2.21a), while
the beams with higher amount of tension steel eginibited a more ductile failure which

was crushing of concrete in compressive block togrewith peeling-off of the concrete
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cover (Figure 2.21b), and (vi) the maximum tensifain developed at NSM-CFRP round
bars was only 60% of their tensile capacity.
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Figure 2.20: Details of geometry, steel configumatand the four point bending test setup
of the beams tested in the experimental researGernd et al. [6].

(a) (b)

Figure 2.21: Observed failure modes for beams diffierent tensile steel percentage ratio

[55]: (a) a sudden detachment of the concrete cewepunding the NSM bars in the beam
with low percentage, and (b) a relatively ductédure mode with concrete crushing in
compressive block together with peeling-off of doscrete cover for the beam with higher
amount of steel bars

2.2.3 Mechanically Fastened FRP (MF-FRP)

Recently Mechanically-Fastened FRP systems (MF-FRE®Re emerged as a rapid
retrofitting technique for RC members [56-60]. Rured laminates used in this technique
are generally composed of a glass and carbon hgbliduded strip embedded in a vinylester
resin with enhanced bearing capacity due to adfifiegglass mats. Mechanical fasteners
are used to attach these laminates (Figure 2.2Retoetrofitted element without applying
any adhesive at FRP-RC interface; therefore, adnidlrability for this system compared
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to the EB-FRP or NSM-FRP is expected. The origithefstudy of MF-FRP goes back to
the late 1990s when US Army was seeking a rap&hgthening technique for concrete
bridges that can be installed independent of enmirental condition such as temperature
and humidity, with minimal concrete surface preparaand workers training [61]. Notable
shortcomings for this technique are reported, sisciscale effects, limitation in shear stress
transfer between concrete and FRP depending amutinber of discrete attached points and
the fasteners strength, the requisite for initigl ® engage laminate and fasteners, and also

galvanic corrosion of fasteners in contact with ®FR

Figure 2.22: Installing MF-FRP strips on the EdgerBridge [62]

Nails, wedge bolts and wedge anchors (see Fig2@® 2re the most commonly used
fasteners in this technique. Nails are appliedgigie explosive energy of a power actuated
gun, and thus this fastening technique is knowRAIS method. This fastening technique is
more suitable for concrete with compression sti@ser than 27 MPa, since at concretes
with higher compressive strength, the presenceand laggregates can prevent the full
penetration of fasteners into the element subsw#dtteough the process of PAF installation
is considerably fast, concrete spalling and surtaeeking are the main drawbacks. Nails
rotation and pulling-out, and poor performance 8FRconnections subjected to fatigues
loadings [63, 64] were the other shortcomings thativated researchers to study wedge
expanding anchors and concrete bolts as the ditegrfasteners in place of PAF for MF-
FRP connections [65-68].
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Connection of a fastened laminate can fail dudéoytield or even rupture of fastener,
spalling of concrete (prayout), or failure of FR#Pninate. Yield/rupture of fasteners may
occur if the strength of anchors is low or the eddszl depth is large. Prayout is
characterized by concrete crushing ahead of thiecstiogether with fracture of a wedge of
concrete behind it resulting in anchor rotation #resh pullout (see Figure 2.24). This failure
mode depends on the quality of concrete nearbsubstrate (concrete cover), the embedded
depth of the anchor, and the distance from the edgetrofitted element (e.g., shorter

embedded depth promotes the initiation of congredgout failure).

e Al el

Power actuated n. Wedge bo Wedge anch

Figure 2.23: Different types of mechanical fasterstudied in MF-FRP system [67]

Figure 2.24: Nall rotation as a consequence of magaryout failure [67]

As it is shown in Figure 2.25, in general there farg recognized failure mechanisms
associated with laminate performance: Net tensfoleavage-tension, Shear out and
Bearing failures [69-71]. According to the resudfsconnection tests [72, 73], a bearing
failure, despite other failure modes, is highly lla@nd is recognized with a pseudo-plastic
load-displacement response (Figure 2.26). Thugaairy failure design oriented MF-FRP
system, as a desirable failure mode, can signifigagnhance the ductilty of beams
flexurally strengthened with this technique.

Following a review on application and performandeMi--FRP system for flexural
strengthening of RC beams, found in literatur@résented.
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e ~— — —

Net tension Leavage tension Shear out Bearing

Figure 2.25: Different failure modes associatechvidminate performance in a MF-FRP
connection [67]
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Figure 2.26: Typical loads. displacement from bearing tests of MF-FRP systgi?js

In the experimental study conducted by Lamannh pt4g, flexural testing of large scale
beams (304.8mmx304.8mmx3657.6mm) strengthened WiR-FRP technique, a
maximum increase of 21.6% and 20.1% in the yield alimate moments, respectively,
was obtained as compared to the as-built beamsarkaentical amount of FRP strips, the
MF-FRP method was found comparable with EB-FRRiims§ of ultimate moment capacity,
however, the enhancement in the yield moment wasrloln comparison with EB-FRP
technique, an increased ductility for MF-FRP stteeged beams with long predrilled
fasteners was obtained. Authors also stated thegdxilling fastened method can result in a
gradual failure of the beam by concrete crushingcampression zone, while without
predrilling a strip detachment most likely occurs.

39



FRP for Retrofitting of RC Structut

Quattlebaum et al. [63] examined and compared ¢nfepnance of EB-FRP, NSM-FRP
and MF-FRP (with PAF connections) techniques faxdral strengthening of medium-scale
beams. The beams had dimensions of 4750 mm, 254amin152 mm in the length, the
depth, and the width, respectively. Tensile steeldjng and then premature CFRP
debonding originated at the beam’s mid-span anggmated towards one end of the beam,
was the failure mode of EB-FRP strengthened specirBeth beams strengthened with
NSM-FRP and MF-FRP failed by crushing of concrateampression block following the
yield of tensile steel bars. In terms of yield lo#dension steel bars, compared to the un-
retrofitted specimen, an increase of 26, 25, afd 2/hs obtained for EB-FRP, NSM-FRP,
and MF-FRP, respectively. The same trend of loadesse at the ultimate state but the
amounts of 33, 32, and 28% was reported for thexdeiques. Results of these experiments
also confirmed that displacement ductility of MFfFRystem is substantially high, in the
range of corresponding value of the reference H&ain

Napoli [67] studied the effects of laminate lengtid fasteners arrangement (layout) on
strength enhancement and failure modes of one-labyg #exurally strengthened with MF-
FRP. The experimental program consisted of sixssietur of them strengthened with MF-
FRP, one strengthened with EB-FRP and the only iresdaone was taken as the reference
specimen. All slabs had identical geometry andl st@efiguration, a total length of 3658
mm and a width and depth of 305 and 154 mm, witbngitudinal tensile steel ratio of
0.98%. Monotonic loading under a four point bendagj setup, in a clear span of 3048 mm
and a shear span of 1219 mm, was employed to ¢baracperformance of each of these
slabs. To attach laminates to the concrete substpatver wedge bolts were used. Two
different staggered configurations for the fastenas shown in Figure 2.27, and different
laminate lengths for each configuration, were theestigated parameters. Staggered
configurations were adopted to better exploit érestie strength of the laminate by lowering
shear lag effects associated with a single rowigordtion of fasteners [65] and also to
distribute the tensile forces across the widthaafihate in a greater extent [76]. Following
the observations and recommendations of the previesearchers [56, 57, 60, 65, 76]
fasteners spacing and layout were designed to prrefiethe premature shear-out failure
between adjacent fasteners and also at the lashé&s (ii) the prayout failure of concrete
substrate, and (iii) cleavage failure at the entheflaminate. According to the results of the
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experimental tests, all MF-FRP strengthened beanitedfby concrete crushing after the
tension steel was yielded. Since failure of nonthefMF-FRP strengthened slabs was due
to deficient performance of the FRP-RC connectithre, effectiveness of the adopted
fasteners schemes, fasteners type and laminatectéastics for a successful strengthening
solution was approved. The strength increase oddaiwith MF-FRP strengthening
technique was comparable with the correspondirength gain in EB-FRP strengthened
slab, noting that the latter failed by prematuréaieling of the composite layer. As
compared to the reference specimen, the MF-FRRgitrened specimens exhibited an
increase in the range of 15.4 to 23.1% at the wertd 30.9 to 58.6% at the ultimate moments.
The author concluded that both the length of tineifate and the spacing of the fasteners
play a significant role in achieving higher strdnghd ductility together. She also indicated
that when laminate is attached with a lower nunaféasteners to the substrate, the amount
of obtained ductility is greater.
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Figure 2.27: Adopted MF-FRP fasteners layout ferlteams tested by Napoli [67]

2.3 FRP for Strengthening of Beam-Column Joints

The local performance of the elements composingddsystems in RC structures has
direct impact on the potential of these structioesithstand lateral seismic loads. The high
inelastic rotation capacity of the beams at theniticof the framing region into the column,
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the sufficient shear strength and stiffness obt@m-column joint panel, and a predominant
elastic response of the column can dissipate a amngbunt of seismic energy, while the
stability of the structure to transfer the gravagd to its supports is assured. According to
the provisions of the modern codes oriented torgeidesign, the strength hierarchy design,
along with a proper detailing of the internal steehngement should be taken into account
to achieve such a ductile and safe response afebigned RC structures for locations with
moderate and high seismic risks. However, theaecisnsiderable number of RC structures
with only Gravity Load Design (GLD) consideratiorspecially those designed according
to pre-1970th codes provisions. These structurgs,hia general, inadequate detailing to
resist the lateral loads induced by earthquakem&ti

The most relevant vulnerabilities of these RC dtngs as recognized by Moehle et al.
[77] and Sezan et al. [78], and reported by ACI @Qutiee 440 [79], are: (i) insufficient
transverse reinforcement and their improper detgitausing the lack of ductility in plastic
hinge regions, low shear resistance and deficamsplices, (ii) improper end anchorage of
longitudinal reinforcement inside the panel of fbet, (ii) low moment resistance of
framed elements due to inadequate longitudinal feesement, (iv) inadequate
configurations of lap-splices at the vicinity oftpntial plastic hinge regions and the location
of lap-splices immediately above the floor leve),fossible soft-story failure due to adopted
beams with higher moment capacity than columnshiega& joint.

Material deficiencies, such as low concrete congivesstrength and plain steel bars
used as the reinforcement, are the other causg®forseismic performance of the old RC
buildings. For example, following an experimentavastigation on characterization of
cyclic behavior of GLD structures, Fernandes ef&l] tested and compared the response
of series of similar full-scale interior beam-colaint specimens. Two of these specimens
were detailed to study the influence of bond stsfigson the seismic performance of the
beam-column joints, one with plain steel bars dreddther with deformed steel bars, used
as the longitudinal and transverse reinforcemettiaf elements. In the specimen with plain
steel bars a poor bond stress-slip performancéteesn significant sliding of longitudinal
reinforcements with concentrated damages at thenfeiat and column-joint interfaces.
Contrary to this response, spread damages alorggiments’ lengths and in the joint region
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were observed in the other specimen. Consequentdyger energy dissipation capacity for
the specimen with deformed bars due to a distrdbdeeanage was assured.

Beam-column joints are probably the most cruciglmes of a moment resisting frame,
whose failures during the seismic actions, eithahe joint panel or in the columns, may
result in catastrophic collapse, since the streatay lose its gravity load carrying capacity
(see Figure 2.28). On the other hand, formatiguastic hinges on the beams, at the vicinity
of beam-column connection, is a desired failure enassuring a beam sideway mechanism

that provides a significant earthquake energy pliggin capacity.

There are two main mechanisms contributing in theas transfer of an RC joint panel,
a main concrete diagonal strut and a truss meamafigure 2.29, as an example, illustrates
the idealized configuration of acting forces ansisting mechanisms in an interior beam-
column joint, subjected to a lateral force simudtans with a column axial load. Concrete
diagonal compressive strut equilibrates with thepessive forces developed in the beams
and columns at the joint interfaces, and with teat of bond forces of longitudinal bars
located in compression zones. The contributiorrugs mechanism depends on the bond
guality between longitudinal rebars passing throtinghjoint and concrete, and the existing
vertical and transverse reinforcement in the jomte. Truss mechanism is activated only
after diagonal tension cracks form in the jointioag Hence, the bond forces should be
equilibrated with the elements of truss mechanisansverse reinforcements and secondary
diagonal struts. Once the bond between the lonigi#idebars and the concrete at the joint
panel is deteriorated, due to a poor bond condaiod cyclic effects, concrete diagonal
compressive strut becomes the main mechanism finstanding the joint shear forces.
Under this circumstance, the main contribution led existing joint's reinforcement is
limited to the confining of the concrete in thenjpcore. In consequence of diagonal tension
strains and excessive opening and closing of tbkned cracks, the compressive strength
of the diagonal strut degrades, which results ilnr@a caused by the crushing of concrete of
the strut.
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(@) (©)

Figure 2.28: Failure of beam-column joints obserivethe 1999izmit, Turkey earthquake
(photo credits: (a) Courtesy of National InformatiService for Earthquake Engineering,

University of California, Berkeley, (b) Prof. Glinégyzcebe, personal communication
(1999), (c) Said and Nehdi [81])
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Figure 2.29: Idealized representation of the foa@sg on an interior beam-column joint
subjected to seismic loading, and the joint shesisting mechanisms [82]
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The most common identified vulnerabilities of inde&rbeam-column joints in seismic
actions are caused by the lack of joint reinforcetnexistence of columns with lower
moment capacities than beams, inadequate bondhlesfgtongitudinal rebars passing
through the joint region or a poor bond performansufficient reinforcements at the
bottom of the beam and/or shortness of their teaition (development) length, lap-spliced

longitudinal bars of column right above the floevél, and low concrete compressive
strength.

Once deficiencies of the existing RC beam-colunmmgowere recognized, the scientific
community on seismic design and structural rehabibn started proposing several
strategies for their seismic rehabilitation andafting [83, 84]. According to the literature
[85-94], application of FRPs is the most commonpps®d solution. The adopted FRP
configuration depends on the geometry of beam-coljoimt and the retrofitting objective,
e.g. enhancing the joint shear capacity througtt pncrete confining, increasing columns’
capacity, and altering the brittle shear failurehia joint region to a ductile failure mode by
the formation of plastic hinges at the ends of beam

However, as reported by several researchers [95p8&mature FRP de-bonding often
occurs in retrofitted RC beam-column joints. Henb@@ther researches on seismic
rehabilitation of these deficient beam-column jsintsing FRP composites were mainly
oriented toward using mechanical anchorages, ssithase discussed in section 2.2.1, to

prevent/delay debonding failure [81, 85, 86, 94, @8 99-101]. Following, some of these
studies are reviewed.

The importance of using appropriate anchorageBR#? retrofitted beam-column joints
is well highlighted in the experimental investigaticonducted by Ghobarah and Said [96],
examining different strengthening techniques base®&FRP wrapping of exterior beam-
column joints. Since there were no transverse oeseinents in the joint panel of these
specimens, the proposed strengthening aimed aingltthe expected joint brittle failure
mode to a more ductile and secure one by formiastiglhinge at the beam end. The adopted
strengthening configurations are represented ar€ig.30. Two damaged RC beam-column
joints, already tested as control specimens im #sebuilt conditions, were repaired and then
retrofitted following the configurations designafEtR and T2R in Figure 2.30. For both of
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these specimens, steel plates fastened with thrbolighwere used to mechanically anchor
free edges of the GFRP wraps in the joint regibtheavicinity of beam-joint interface. One
of the remaining specimens, T4, had a similar gtieening configuration of T1R but
without any anchorage system. For the last specintesignated as T9, diagonal
configuration of GFRP wraps was adopted. To fatéitGFRP diagonal wrapping, at each
corner of beam-column connection an angle shap@eveas used with an inclined plate
welded to its free edges. A reversed cyclic dispiaent pattern, imposed to the beam tip, in
the presence of a constant column axial load wphkealto test these specimens.
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3layers
unidirectional
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Figure 2.30: Different configurations of GFRP wrapsgestigated by Ghobarah and Said
[96] for the strengthening of shear deficient emteRC beam-column joints (represented
from [83])

A premature debonding of GFRP in specimen T4 led tesponse very similar to that
obtained from testing the control specimen. Botltheke specimens, T4 and control one,
failed due to the lack of joint shear capacity jwgevere X-shape cracking in the joint panel.
In the case of T1R, even though debonding of GRBR ftolumn sides was observed, the
applied anchorage system prevented end-debonditigeadomposite layer. Consequently,
the confining exerted from GFRP wrap to the joiohcrete increased its shear capacity
sufficiently for a flexural plastic hinge to be foed at the beam’s end. The diagonal
configuration of unidirectional GFRP wraps, appligx the specimen T9, successfully
delayed the joint shear failure. However, togetheéh the plastic hinge formation at the
beam’s end, the joint shear failure also occuriidgds mode of failure indicated a poor
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confinement in the joint panel, which was also ewnicby the bulging of concrete in the joint
panel. The strengthening configuration used for W& the most efficient scheme, since
GFRP debonding was prevented and a full beam plastge was formed without any
failure in the joint region. This superior perfornta resulted in the highest capacities in
terms of drift (displacement ductility), laterabld and dissipated energy, when compared to
the other specimens (see Figure 2.31).
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Figure 2.31: Results of cyclic tests on the strieaged and as-built exterior beam-column

joints (investigated by Ghobarah and Said [96]) efavelope of the hysteretic loops, and (b)
cumulative energy dissipation.

Al-Salloum and Almusallam [85] also reported thgorntant role of mechanical anchors
to prevent debonding of CFRP layers applied foergjthening or repairing interior RC
beam-column joints. These one-way beam-column sebasies were half-scale models of
a prototype with a part of slab (T-beam), withony &ransverse reinforcement in the joint
panel. Authors examined the effectiveness of tvifeidint CFRP configurations, schemes 1
and 2 in Figure 2.32, for enhancing joint shealac#yp and directing the failure mode from
the joint panel to the beams’ end. Two control gpeas, after being tested in their as-built
conditions, were repaired with each of these tepes. There was a counterpart’'s specimen
for each of these repaired beam-column joints,stnéingthened in their virgin conditions
(no initial damage).
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Testing these specimens, under simultaneous latgcht displacements and constant
column axial load, revealed that bulging of CFREhmjoint region and its debonding along
the beam occurred in the scheme 1, while the meézddaanchorages used in scheme 2
successfully prevented the debonding of the congdesrer. Although both schemes were
effective in delaying joint shear-failure, only tihe case of scheme 2 the failure was fully
directed to the beams without any damage in thrg ganel. In general the performance of
these schemes, reflected as the failure mode ofspeeimens, was similar for both
strengthening and repair applications. As comp#oetie results of the control specimens,
both repaired and strengthened beam-column jometsepted higher displacement ductility.
However, improvement in ductility of the strengtlbdrspecimens was much higher than in
the repaired one. Strengthening with schemes 12drd to an increase of 72% and 61%,
respectively, in displacement ductility factorse(tisplacement corresponding to 10% drop
in the peak load was adopted as the ultimate aispiant).
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Figure 2.32: Schematic representation of FRP cardigpns used for the strengthening of
interior beam-column joints in the investigation AfSalloum and Almusallam [85], (a)
Scheme 1, and (b) Scheme 2.

Esmaeeli and Danesh [94] proposed a combinatidmdwfectional GFRP layers and
angle-shaped steel profiles for the strengthenirigree-dimensional exterior beam-column
joints suffering from insufficient joint shear cajitgt. Their proposed scheme eliminates the
need for perforation of concrete to secure fastemérthe mechanical anchorages. As
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represented in Figure 2.33a, according to thisreehine free edges of GFRP layers in the
joint region were secured to a cage, made of fogteashaped steel profiles connected to
each other using series of threaded rods, arowndittt region. This strengthened specimen
and the as-built one were tested adopting a simedtas bidirectional cyclic loading
imposed to the beams’ free ends and a constanti@xthapplied to the column’s end.

The strengthening scheme efficiently confined threceete in the joint panel and altered
the joint shear failure mode of the control specini@ the beam’s flexural failure at the
beam-column interface (Figure 2.33b). Consequemdy presented in Figure 2.33c and
calculated based on the examination of the resulthe plane of one of the beams, an
average increase of 50% in lateral load carryingacdy together with 60% increase in
displacement ductility, for the strengthened speanas compared to the control one, was
obtained. Moreover, the contribution of the joirdnel deformation in the story drift,
measured at a drift angle of 3%, was reduced to 20%e case of the strengthened
specimen, while it was measured as 54% for therebriieam-column joint (see
Figure 2.33d).

Li and Kai [101] examined the effectiveness of agmsed EB-FRP configuration for the
repair of interior beam-wide column joints alreadgted as the control specimens. These
control specimens were vulnerable against seispdadithg because of their inadequate
seismic detailing such as the 90° bend of transvaisforcements of beams and columns,
lack of transverse reinforcements in the jointsegand the absence of additional transverse
reinforcement at the potential length of plastiegmg in the beams.

The adopted FRP strengthening configuration usedhfe repair of all four tested
specimens is shown in Figure 2.34a. As depictedignfigure, depending on the type of the
utilized FRP material, two different schemes based this proposed rehabilitation
configuration were investigated, scheme 1 with 0BRP layers and scheme 2 with a
combination of GFRP and CFRP layers. FRP spikdd0fmm in total length were used to
anchor U-shaped and L-shaped FRP layers to thalldéezes of beams, according to the
configuration depicted in Figure 2.34a.
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Figure 2.33: Investigation on strengthening of 3ner RC beam-column joint by Esmaeeli
and Danesh [94], (a) the proposed strengtheningerseh (b) failure mode of the

strengthened specimen (TSR), (c) envelop of thetehgsis response of beam-tip
displacement versus beam-tip load, (d) contributigoint shear deformation in total drift.

Following the cyclic tests of the specimens, thihats reported that although FRP spikes
effectively delayed debonding of FRP layers, intladl repaired specimens, debonding of
FRP L-wrap close to the beam-column interface vies®oved (see Figure 2.34b). Hence, to
prevent FRP debonding, the use of additional ars;lamd one of them as close as possible
to the beam-column interface, was suggested. Thersuw performance of the specimens
with scheme 2, as compared with those repaired scitieme 1, suggests that CFRP is not

only more efficient in confining the joint regiorubalso contributes in a higher stiffness
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recovery. Specimens repaired with scheme 2 faadgpvered the energy dissipation capacity
registered in testing of their as-built conditiofrs average 96%), while the repair with
scheme 1 resulted in recovery in average of orndg.68

NZ) 1 layer of GFRP sheet wrapped

(1) 1 layer of GFRP/CFRP L-wrap at
each corner: 500 mm along column ‘

N

Tyfo Fibre-Anchors

round column: 500 mm along

column height (top and bottom)
and 1000 mm along beam

@ 1 layer of continuous GFRP/CFRP
anchorages were applied sheet along beam axis 500mm from the
at intervals of 300 mm beam-column interface across the joint
core on both sides of the joint (front and
back).

@1 layer of GFRP U-wrap

extending 500 mm from the

beam-column interface

— e —

(@) (b)
Figure 2.34: Rehabilitation of interior RC beam-gvicblumn joints by Li and Kai [101], (a)

proposed FRP strengthening schemes with FRP spikeanchorage system, and (b)
examples of debonding observed in the rehabilitapetimens.

Parvin et al. [100] proposed and tested two seistn@gthening techniques for exterior
beam-column joints based on adhesively bonded Cglifets and wraps together with
CFRP strips anchored into the perforated holesherbeam. Details of as-built specimens
are shown in Figure 2.35a. These specimens wenenallle against cyclic actions due to
the lack of the ties in the joint panel, shortnethe embedded length of beam’s bottom
longitudinal steel bars into the joint panel, lagised column’s longitudinal steel bars just
above story level, and insufficient column’s comfanties at the vicinity of the joint region.
The proposed FRP configurations were aimed at emmguthe joint shear capacity,
preventing or delaying debonding of the beam’sdmtbars, and assuring a higher flexural
capacity for columns than beam. These two strengtgeschemes with the main difference
in the number of layers of the straight and U-skidpie P sheets bonded to the column-joint

and beam-joint regions, respectively, are represkemt Figure 2.35b and Figure 2.35c.
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These schemes were also different according tadhégurations adopted for the CFRP
strips which were passed through the perforateelshah the beams and bonded to the lateral
faces of the specimen. As it is shown in FiguréR.8nd Figure 2.35c, while strip 1 was
applied to prevent the sliding of the beam’s bottmans and the debonding of the U-shaped
joint-beam CFRP sheets, strips 2 to 4 were onljgded as the local anchorages for the U-
shaped joint-beam CFRP sheets. For the schemehigtrer numbers of CFRP sheets
(scheme RC3U3), the U-shaped layer bonded to theheam region was tailored in the
way that a thin extension of that can be passedigiirthe hole of the beam, perforated close
to the level of the beam’s bottom bars, and boridéis opposite face. Three as-built beam-
column joints and their counterparts’ specimensemgfthened with either of the
aforementioned schemes were tested under simuttaneftects of axial load and cyclic
reversal displacements imposed to the top of themoo. Two different levels of column
axial load (12% and 24% of column capacity) weramexed as one of the parameters of
this experimental investigation.

According to the test results all of the strengtespecimens significantly outperformed
the control ones in terms of lateral load and deftion capacities, stiffness degradation,
and the dissipated energy at their failure. Howaweto the failure of the control specimens,
no improvement in energy dissipation capacity efslrengthened specimens was observed.
As depicted in Figure 2.36 all strengthened specsnedependent of the adopted CFRP
configuration, failed by debonding of U-shaped CH&Fers at the top of the beam during
the pull loading direction (top face of the beantansion), and the rupture of these layers
together with FRP strip 1 during the push loadimgadlion (bottom face of the beam in
tension). However, as it was expected, the incremashe joint shear strength for the
strengthened specimens was sufficient enough teptehe joint shear failure observed in
control specimens. Both strengthening schemesteglsil a notable increase in the joint
shear stiffness and deformation capacities (fomgta see Figure 2.37). Finally, while a
higher axial load resulted in a higher lateral leagacity in the case of control specimens,
a slight increase (12%) was attained in the latkradl carrying capacity of the CFRP
strengthened specimen, only for the push direafdoading.
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Figure 2.37: Comparison of joint shear deformatiapacity before and after strengthening
based on each of two CFRP schemes proposed by Raaii [100]

As represented in Figure 2.38a, Eslami and Rond@R][proposed an alternative
solution to transfer tensile stresses of the bedonigitudinal FRPs beyond beam-column
interface, the beam moment critical section. Acocgdo their proposal, FRP laminates
bonded to the top and bottom faces of the beam amchored into a groove, executed at
the concrete cover of the column. Small width FRRps were applied to the ends of
longitudinal FRP sheets to enhance FRP-to-RC axt&f bond properties. Initially, series
of specimens were tested adopting monotonic loadfigr analyzing these tests results the
most appropriate retrofitting configurations weesidgned and applied to the second series
of specimens and their behavior was studied ungdicdoad test. The results of monotonic
loading revealed that concrete cone failure aatighored region of FRP into the column is
the governing failure mode, and it can be preveiitdtere are columns’ FRP wraps at the
vicinity of the joint region (see Figures 2.38b &hd@8c).

However, this technique is limited to the deptltoficrete cover and might involve the
risk of damaging column’s longitudinal bars whikreing the groove. Moreover, the joint
region should resist higher demands associatetidalear stresses introduced by FRP
anchorage, while the joint panel itself is proneshear deficiency in RC structures with
seismic retrofitting requirements. The solutiondsd by Mukherjee and Joshi [86] based
on using the “L” shape FRP strengthening technigqeembination with FRP wraps on both

beam and column elements might be an alternatiyeattally treat the aforementioned
concerns.
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Figure 2.38: Retrofitting of exterior beam-colunamis investigated by Eslami and Ronagh
[102], (a) proposed retrofitting technique with bealongitudinal FRP anchored into a
grooved carved in the concrete cover of the colufbh,concrete failure at the carved
location in the absence of column FRP wraps (mamotmading), (c) columns wraps
prevented failure at the carved concrete locatimm the flexural plastic hinge that formed

on the beam (cyclic loading)

2.4 Durability of FRP Systems

Properties of FRP materials, specially their polyi;mmatrix, and their bonding adhesive
to the concrete substrate are susceptible to dagpadunder exposure to a variety of
environmental conditions such as high temperatteesperature variations, wet-dry cycles
related to moisture (including tap water, seawatet other chemical aqueous), alkalinity,
and freeze-thaw cycles. A summary of the literatergew on the influence of each of the
aforementioned environmental conditions on perforceaof FRP as a retrofitting system
for RC members is presented. A relatively comprsivenreview on the topic of durability
of FRP composites either as a constructional elémrea retrofitting system is reported by

Benmokrane and Mohamed [5].
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2.4.1.1 Effects of High Temperature and Temperati/ariations

FRP and its bond to the concrete substrate cafidotei by both high temperatures and
temperature variations. There are two mechanismdribating to the changes in
characteristics of bonded FRP composites as a i@stieimperature variations: (i) different
thermal expansion of resin matrix, fibers and ceteisubstrate that results in residual
stresses due to thermal variations, and (i) datstion in mechanical properties of resin
polymers in temperatures higher than their glaassition temperaturé.

Woods [103] investigated the behavior of 364 carbaupons bonded to concrete blocks,
which were subjected to different environmental dibtons. Four FRP coupons were
externally bonded by means of epoxy adhesive tofiposite faces of each concrete block
and they were tested sequentially at different eypmtimes. Six different environmental
conditions were simulated and their effects on esehes of specimens were studied
according to the changes in mode Il fracture toeglkrobtained by pull test. The decrease
level of the fracture toughness over the time weggseddent of the moisture content, chemical
solution, and temperature. The highest degradatiohond strength was attributed to
seawater conditioning, and the calcium hydroxiderenment was reported to have the least
effect. Results of the specimens subjected to 149F60°F (60°C to 71°C) also showed a
decreasing trend in mode Il fracture toughnesbaseimperature was increased. According
to these studies, a combined effect of high tentperal40°F (60°C), and high humidity
showed a large decrease in fracture mode Il akadratation load, as compared to the
corresponding value obtained by testing the cospetimens. While for temperatures lower
than 50°C the failure mode consisted of concretetfire in combination with failure in
epoxy adhesive, at temperatures higher than 60%@pid reduction in bond strength of
CFRP sheets bonded to concrete blocks by meansoal/aesin, with CFRP dobonding
being the failure mode, was reported by Gamage HitGs].

Burke at el. [8] preformed experimental tests orPRlexurally strengthened RC beams
subjected to sustained load at temperatures htplaerglass transition temperatufg, of
matrix/adhesive polymers. In this way, they invgsted and compared performance of near
surface mounted (NSM) and externally bonded FREeBys at the elevated temperatures
under a service load. According to their resulisthbNSM and externally bonded FRP

56



FRP for Retrofitting of RC Structui

strengthening systems are susceptible to the skrelegradation at the elevated temperature.
Although it was believed that the NSM systems mighte a better thermal stability due to
being embeded within the concrete cover, they tedahat based on their limited data the
epoxy bonded NSM-CFRP system has only an enduteneef 40 minutes at 100°C. This
endurance time was decreased significantly ancheshto 10 min at 200°C. Authors also
reported that thermal stability performance wasilyeenhanced when epoxy was replaced
with a cementitious grout adhesive. However, whil alternative the strain development in
FRP system is limited to lower values, as comp#vezrboxy bonded FRP laminates, which
conversely affects the eventual cost of the strearghg system.

Yu and Kodur [105] reported that the bond streraftNSM-CFRP decreases up to 80%
at 200° C compared to the bond strength of pullspecimens tested at 20°C.

Silva et al. [106] examined the effects of thernggtles on concrete specimens
strengthened with NSM-CFRP strips (laminates). CINEM strengthened RC slabs, pull-
out specimens composed of concrete cubes with G&RiRrates bonded to it and each of
the individual materials (plain concrete, cured»gpand CFRP laminates) were the studied
specimens. These specimens were exposed to faigldrmonths of thermal cycles that
ranged between -15°C and 60°C. After each of tlsesditioning periods, series of these
specimens were tested to examine their perform&toength gain after imposing thermal
cycles to the epoxy samples was observed. Onlyigielgl changes in the strength of
concrete and CFRP samples subjected to these theyalas were reported. The bond
strength, measured by testing pull-out specimeds;ated a slight increase while the failure
mode was not affected by thermal cycles. Flexwadtl Icarrying capacity of strengthened
slabs also found to be not sensitive to this rasfgxposed thermal cycles.

2.4.1.2 Effects of Freeze and Thaw Cycles

Concrete blocks with two CFRP strips bonded tortbpposite faces, were exposed to
cycles of freeze and thaw, in temperatures randieigveen -18°C and +4°C in a dry
environment. These specimens were subjected tgplilests in an experimental research
conducted by Colombi et al. [107]. CFRP strips kexhdlo opposite faces of each block
differed only in their bonded length. In agreemaith finding of Green et al.[108], Colombi
et al. [107] indicated that the effect on bond detation due to freeze and thaw exposure
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is marginal. In contrary to these results, Ghostd Karbhari [109] stated that freezing

exposure condition at 0°F (-17.8°C) was the mostrdeative among all environmental

conditions studied in their experimental programgce the epoxy resin/adhesive matrix
becomes brittle when exposed to low temperature. déteriorative effects of freeze and
thaw cycles on FRP bond strength is also suppostedsults of the experiments conducted
by shearing the single lab specimens (SLBs) ma@paxy bonded GFRP-GFRP or CFRP-
CFRP strips [110]. In both cases Homam and Shéik@][concluded that the bond strength
was adversely affected by cycles of freeze and thaiwith a lesser extent for CFRP SLB

specimens.

2.4.1.3 Effects of Marine Environment

Results of pull-off tests on epoxy bonded CFRMpstto concrete block which were
exposed to saltwater, to simulate marine envirortpsrowed a significant bond strength
degradation of 69% after 12 months and 100% aetiteof 18 months of exposure [109].
The deteriorative effect of seawater was also tegdry Woods [103], which was attributed
to the accumulation of chloride ions at the integfaf epoxy-concrete causing deterioration
of the concrete right below the bonded FRP.

Qiao et al. [111] performed three-point bendingst®® beams strengthened with CFRP
and obtained mode-I fracture energy to measuréntheence of each of the wet-dry and
freeze-thaw cycles conditioning on FRP-concretededninterface immersed in calcium
chloride (CaCl) solution. For both exposure coondii, reduction in mode-I fracture energy
by increasing the number of cycles was reportedhdvs concluded that, deterioration of
CFRP-concrete bond interface under both of thesemered conditions was relatively
substantial.

2.4.1.4 Effects of Alkalinity

Homam and Sheikh [110] reported that alkaline emment (NaOH with pH10 and pH
12 at 38°C) had an adverse effect on bond of Sldgispens made of epoxy bonded GFRP-
GFRP or CFRP-CFRP. Bond strength reduction up & & exposure to pH10 was
observed.
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In the experimental program conducted by Pan ¢t B2], the effect of imnmersion time
in different concentrations of sodium chloride ¢iolo was studied. Direct shear tests as the
strategy to measure the strength of CFRP strengtheoncrete members was performed.
CFRP plates were bonded to concrete blocks by mifagysoxy adhesive. Specimens were
fully immersed in solutions of sodium chloride wittiferent concentrations and were tested
in different aging after exposure. FRP debonding tix@ governing failure mode for all of
the specimens. As a consequence of degradatiomopepies of epoxy adhesive in the
specimens conditioned up to 30 days, and the datipadn properties of both concrete and
epoxy adhesive of specimens with an exposure tonger than 90 days, reduction in
ultimate pull load capacity was occurred. Specinteeta/een 30 and 60 days of conditioning
exhibited a load increase which was explained lgyftinther hydration process of cement
and therefore some strength gain of concrete.
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Chapter 3: Strain Hardening Cementitious Composites (SHCC)

3.1 Introduction

Adding short discrete fibers into a cement basetlim@nortar or concrete) may turn its
brittle post-cracking response into a ductile ofnlee shape of the tensile post-cracking
response of this composite depends on the mechanigzerties of the matrix, geometrical
and mechanical properties of the fibers and thraime fraction in composite mixture, and
fiber-matrix interface characteristics. Dependimghow these parameters are tailored, as
shown in Figure 3.1, a fiber reinforced cementsicomposite (FRCC) can present a tensile
post-cracking either with a smooth tensile loadagestrain softening behavior), or with a
load increasing branch (strain hardening behafedigwed by a load decreasing regime just
beyond composite ultimate tensile strength. Certiens composites with strain softening
response are often called conventional/ordinargrfipeinforced concretes (FRCs) in
literature, while the other one refers to an adednmomposite designated as tensile strain
hardening cementitious composite (SHCC).

As shown in Figure 3.1, under tensile loading, camtto FRC, whose elongation beyond
the formation of the first cracke., , o.-) is dominated by the opening of this individual
crack, the SHCC exhibits multiple diffused fineaksa in a strain hardening regime. When
SHCC reaches its ultimate tensile capacity, similarly to FRC, a crack opening
localization dominates its further elongation, asdesidual strength is characterized with
a strain softening response. As depicted in Fi§utes,, represents the strain corresponding
to the tensile strengttw,,) of SHCC, which quantifies the composite’s tendiletility. €,
is literally designated as “strain capacity” of tbemposite, which is associated to the
potential of SHCC to develop multiple cracks ald@agtretched length, and to the maximum
opening of these cracks at the composite’s teasiamgth.

SHCCs were often known as High Performance FibemfBeed Cementitious
Composites (HPFRCC) up to 2003, when Naaman anehhBelt [1] suggested a
classification for the FRCCs. In fact, the termgthperformance” was in use long before to
distinguish concretes possessing a high compressiegth or a high durability from the
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ordinary ones. Hence, Naaman and Reinhardt [1pksit@d a classification for FRCCs
taking into account the composite post-crackingpoese. According to their proposed

classification, a critical volume fraction of fise(V™™) , defines a border between

two distinct tensile behaviors of FRCCs. If theefib volume fraction in the composite

mixture, V;, exceeds this critical volume fraction(V £ i , this FRCC is
f f

tension

characterized as tensile Strain Hardening Cemeuas$itComposite (SHCC). On the other

hand, ifV; is lower than(V % , the resulting FRCC exhibits a tensile Strain
f f

tension

Softening in its post-cracking regime, known asrad; Fiber Reinforced Concrete (FRC).

t t t
= = B
— = N\
i i i SHCC
v) O-u
(%]
g O-CT
o t
Z’ FRC—
= s
i
SCT gu

Tensile strain (or crack openidisplacemen

Figure 3.1. Typical tensile stresersusstrain (displacement) response of SHCC and
ordinary FRC (Note: in softening regime the hortadaxis is scaled with the crack opening
displacement instead of strain)

Furthermore, FRCCs were also categorized consgldhiair post-cracking behavior in

pure bending. In this case, the definition of dical volume of fibers(Vf”t)bending

achieve a deflection hardening response beyonddimposite first cracking in bending is
used. According to this criterion the deflectiorrdemning in an FRC occurs onlylf =

crit . crit
(vf )bending. Note that/; of an SHCC is always larger thér ™) r hence SHCC

bendin

essentially presents a deflection hardening undeding.
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The aforementioned classification is schematicpilysented in Figure 3.2. Following
this classification, the terminology of the SHCCyrba then customized to take into account
a specific performance, such as high strength (H&) or ultra-ductility (UD-SHCC).

The trend line of SHCCs evolution was oriented iy generation of different types of
fibers, the technological advances in fiber's steféreatment, the progress in designing
cementitious matrix, and the emerging of micromeats models for optimizing SHCC
design.

The earliest development of SHCC, when the occaegef multiple cracking under
tensile loading was reported, possibly goes batkeéd 980’s, with the emerge of SIFCON,
an infiltrated low-viscosity cement slurry into adof high percentage of steel fibers pre-
packed into a mold [2]. SIFCON with 12% of hookeule steel fibers (lengtlt;, and
diameterdy, of 30 and 0.5 mm, respectively) presented akessengthg,, of 15.6 MPa

at a corresponding strain capacity,, of 1.25%. This composite possessed a high

compressive strengtlf,, of 120 MPa.

The early 1990's can be probably referred as astoitee towards the development of
high strain capacity SHCCs by employing a relagivew volume of fibers. At those years,
Li et al [3, 4] developed an ultra-ductile compestixing only 2% short discrete plasma
treated ultra-high molecular weight Polyethylenbefs (PE) into a finely graded
cementitious matrix. The resulting composite, desigd Engineered Cementitious
Composite (PE-ECC), presented a tensile strainaigpa,, of 7% with a tensile strength,

oy, reaching to 6 MPa and an average compressivegsitrg,’, around 45 MPa.

Further efforts aimed at producing a cost efficiSHHCC with a high ductility
characteristic. This goal was achieved by replaPigdibers with Polyvinyl Alcohol (PVA)
ones, as a cheaper alternative [5-8]. The resuttorgposite, designated as “PVA-ECC”,
contained 2% of short PVA fibers and achieved siterstrain capacitys,, of 4% at the

presence of a tensile strength @f, 6.5 MPa.
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Figure 3.2: Classification of FRCCs based on tphest-cracking response
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Fiber reinforced concretes with very high compnesstrength, known also as ultra-high
performance fiber reinforced cementitious compssif®HPFRCCs), are the other
generation of SHCCs. However, despite their verghhcompressive strengtff, >
150 MPa) and relatively high tensile strengfl, = 10~15 MPa), their tensile strain
capacity,e,, is much lower than%. Ductal [9] and CARDIFRC [10-14] are two examples
of these composites, both commercially availabfetled-shelf materials. The former one,
Ductal, contains 2% of steel fibeds £13-15 mm andi; = 0.2 mm) in composite volume
fraction. This composite is characterized with empoessive strengtlf,’, ranging from 160
to 240 MPa, a tensile strengity,, of 12 MPa and a tensile strain capacity of 0.3%.
CARDIFRC offers an average compressive strengt?0@f MPa with a tensile strength in
the range of 10-15 MPa, however, despite a highl $teer content (up to 8%), its tensile
strain capacity is restricted to a maximum of 0.6%.

The most recent advances in SHCCs aimed at dewgl@composite with both high
strength (tensile and compressive) and high diyctih assure the resiliency demand of
critical structural elements under extraordinayoas, where a high ductility, a high energy
dissipation capacity or a high toughness of theenatis the crucial performance criteria.
Such structural demands can be exampled as th&itedor combined axial and flexural
resistance together with a high rotational capaatitye lower portion of the columns of tall
buildings subjected to an earthquake event, oelgraents designed to withstand actions of
blast and impact loadings. UHP-FRC [15] and HSHDG] [are two utmost examples of
recent developments of SHCCs offering high stremgith high ductility.

UHP-FRC (ultra-high performance fiber reinforcednceete) [15] is a SIFCON
processing composite that incorporates 5.5% twisteel fibers of 24 mm in length and 0.3
mm in diameter. The ultimate tensile strength &f tomposite, with a compressive strength
of 270 MPa, reaches to 37.2 MPa with a corresp@n@insile strain capacity of 1.1%.

HSHDC (high strength high ductility concrete) [LBpwever, is a micromechanical-
based design composite (see section 3.2) that adoptrentional casting to disperse 2% of
ultra-high molecular weight short discrete PE fi¢r =12.7 mm andl; = 0.038 mm) into
a finely graded cementitious matrix. The resultaognposite exhibits an average tensile
strength of 11.8 MPa at a strain capacity of 3.8#ile a high compressive strength of
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around 160 MPa is assured. Figure 3.3 illustrdtesytpical tensile stress-strain response of
three distinct classes of SHCCs, namely PVA-ECCPUWHRC and HSHDC.

40 -
] UHP-FRC (SIFCON-T)
35 »” Twisted TOREX steel fiber
] g Vy:5.5%
CCLU 30 R i £/:270 MPa
= ]
T/)/ 25 4
% 3 HSHDC
= 20 1 Ultra-high molecular weight PE fibers ECC
g ] Vr: 2% PVA fibers
% 15 3 £/:160 MPa Vi 2%
S — ™ | |f:45MPa
- / ]
(o 10 ] // AN
51 N
- \
O ] T T T T

05 1 15 2 25 3 35 4 45
Tensile strain (%)

o

Figure 3.3: Typical tensile stress-strain resparfghree distinct classes of SHCCs

3.2 Micromechanics of Strain Hardening Response

Theory of strain hardening and multiple crackingainbrittle matrix composite is
fundamentally defined based on the concept of gtetate crack propagation. A steady-
state cracking takes place if a crack propagaté&ngth while its maximum opening width
remains constant. For such circumstance, furttekgorogress is independent of the total
crack length and occurs under a constant ambiergsst

Figure 3.4a illustrates crack propagation mechafoica composite approximated to a
continuum with average composite elastic propedrmasa uniform ambient stressaf. In
this figure, bridging of fibers are represented asack surface traction that is a function of
crack local openings(w). Fibers-bridging stress increases monotonicalbn@the crack,
from zero at the crack tip, and provided that ttaek length is sufficiently long, approaches
to an asymptotic limit of, corresponding to a constant average crack operiing. For
such crack configuration Marshal and Cox [17] usddintegral method [18] to evaluate the
state of the stresses and the strains close tordlo& tip. By subtracting the crack surface
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traction, a(w), from the remotely applied uniform stresg, the opening pressure acting

over the crack surface,, can be defined as follows:
0o = 04 — o(W) (3-1)

This opening pressure is maximum at the cracknig @pproaches to zero where the
crack wakes are merged into a flatten shape (Lpred-B.4b). Evaluation of the J-integral
for this crack configuration leads to the followiegpression:

OaWqa _f aa(W)dW = ]tip (3-2)
0

According to the Equation (3-2), the net energyilalb®e to drive the crack tip
propagationg,w, — f(;”aa(w)dw, must be equal or greater than the matrix cragk ti

toughness/;;,.

o P14 1110111110141 1 1441 Je

| H
TV IV YV Y YV Y Y .

Wa g (W) Wq S ]tip
111114408441

P L L b
() (b)

Figure 3.4: Crack propagation mechanics, (a) ccackiguration based on uniform remote
stress distribution and crack surface traction et to fibers bridiging stress, and (b)
crack configuration convenient to be solved uskigtdgral approach [19]

As depicted in Figure 3.5, this net energy is eglent with fibers-bridging
complementary energy,, which is the difference between the external woput energy,
oW, , and the energy consumed by fibers during crac&nmg from zero tow,,

fOW“ o(w)dw. Hence, to assure a steady-state crack propagation., o), the critical
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amount of the complementary energy,wgs — fw“

o o(w)dw, must reaches the crack tip

toughnessj;,,. This is the fundamental “energy based criterifm” a strain hardening
response to occur.
However, still a “strength based criterion” mustlagisfied to achieve a strain hardening

response. According to this strength criterion, pleak of fibers-bridging stress,, must

exceed the matrix cracking strength,.

The, abovementioned criteria to assure multiplelking in a composite can be then

rewritten in the following form:

o Jp=0awq — [ oW)dw = Jyp (energy criterion) (3-3)
* 042 0. (strength criterion) (3-4)
o
Wa Oq [
Jp = W, — f o(w)dw g7 ‘\
0 \ ’//"j// \
Wss
Jtip = OssWss _f o(w)dw Oss /
0 \ ‘/

Wss Wy w

Figure 3.5: Typical fibers-bridging stregsrsusindividual crack opening response

3.2.1 Micromechanical Model of SHCCs

A micromechanical model of an SHCC correlates aronscale single fiber pullout
response to the crack-bridging behavior of fib@rsniesoscale. This mesoscale response
further determines multiple cracking potentiallodé ISHCC at a macroscale. The correlation
between these three distinct scale levels is schealtia demonstrated in Figure 3.6.
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Following the experimental measurements, at a rgcede level the pullout response of
a single fiber embedded in a brittle matrix carfdrenulated based on pullout forgersus
fiber's loaded-end displaceme(U). This single fiber pullout response can be then
utilized to analytically predict fibers-bridgingsssversusndividual crack openingrg (w),

that defines fibers contribution in a meso-scalmposite response.

This meso-scale composite response can be theslaieah into the composite macro-
scale, by predicting its multiple cracking potehfio this end, the statistical distribution of
flaws, flaw sizes, fibers, and variation in fibertrx interface properties for a given
composite needs to be estimated.

Single fiber e Individual crack e Composite
TRTISRERTRIEa N
T I e R

Somarasnal zeen|l
T \(\rB(B) o |- R

TTTTTITTITTINT —

g

”Bp T

ss Strain hardening,

multiple cracking

Figure 3.6: Schematic presentation of correlatietwleen responses in three distinct scale
levels of SHCC (pullout of single fiber: microscakeingle crack opening: mesoscale;
multiple cracking: macroscale) [20]

Thus, tailoring the response of single fiber pulliaithe fundamental step towards
developing a strain hardening behavior in mesosaade multiple cracking at macroscale.
As shown in Figure 3.7a, for a fiber with an embedmlength of, in a matrix to start
sliding out under a pulling process, its chemiaaid with the surrounding matrix should be

initially overcome. The deterioration of chemicana along the embedded length of the
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fiber occurs due to matrix tunnel cracking. Theuiszgd energy for a full debonding progress
is known as chemical debonding enefy

ld<le S=O,ld=le
e >
le

@)

Fully de-bonded fibefl; = 1.)

(b)

Figure 3.7: General profile of a single fiber puliga) stages of fiber debonding and sliding
during pulling out process, (b) possible pullowtdeersudiber displacement responses for
a full fiber pullout process that depend to theetyb and fiber/materix interface properites

[7].

Once the debonded length, reached the fiber embedded lendththe whole fiber
sliding process will start. Fiber sliding can dpsge a notable amount of energy, especially
when sliding accompanies a slip-hardening process Figure 3.7b). The slip-hardening
occurs specially in the case of polymeric fiberosdsurface roughness is lower than their
surrounding matrix. Thus, during the sliding ofgbdibers out of the matrix tunnel, abrasion
causes a progressive peeling at fiber surfaceeti@nces fiber’s sliding resistance. Fiber
sliding is essential to assure “steady-state” macexk propagation, which is a governing
condition for a tensile strain hardening respors@dcur. This concept will be further

82



Strain Hardening Cementitious Composites (St

introduced and discussed in the present sectioateldre, a precisely tailored chemical
bond is crucial to prevent fiber rupture beforstdrts sliding, especially in the case of fibers
with high water affinity (e.g. hydrophilic fibersoreover, slip hardening effect should be
carefully tailored to achieve sufficient energy atpdion and pull load resistance at full fiber
pullout.

According to Li et al. [21], for a composite withvalume fractionV’; of short randomly
dispersed discrete fibers, the fibers-bridging sstkersuscrack openinggy (w), can be

predicted by integrating over the contribution lbbse fibers that cross the matrix crack
plane:

opg(w) = —>

4Vf n/2 ((l¢/2)cos®
Td2 f P(w) p(@)p(2)dzd® (3-5)
f Y0=0 Yz

=0

where I¢ is the fiber length,d; is the fiber diametep (@) andp(z) are probability density

functions of fibers’ orientation angle and centediddistance from the crack plan,
respectively.

Assuming that all the fibers are aligned to thesitedoading direction and they all will
fully pullout under a constant frictional bond betm fiber and matrixz(), Equation (3-5)

could be simplified as [22]:

( E; V:Erw
| 2V (2G4 +T0W)d—f—fL—f w< w,
p(W) 7 (3-6)
_— W w< w. < —
\Ld, \2 )

where, w, is the crack opening corresponding to the compleb®mnding of fibersy is the
fiber's modulus of elasticity an@,; as introduced before is the energy required fogrf
being fully debonded along the embedded lengthnfated debond energy), which can be
derived from the sudden drop in the load at theeboffiber sliding, when the fiber is fully
deboned along its length, according to a singlerfullout test, as described in [23].
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Integrating equation (3-6) based on the definitadfnthe complementary energy, as
analytically indicated in equation (3-3), could be written as:

Velr (102102
frfto tf
= —|—2_—2G 3-7

Neglecting the chemical bon@g, which is valid for the case of hydrophobic fiheard

replacing equation (3-7) in (3-3), the critical dils volume fraction(V¢"*) to

tension’
achieve a strain hardening response in tensiom fgiven fiber, matrix and fiber-matrix

interface properties could be theoretically obtdias:

2
7™ i =t e @

f

Using the knowledge derived from this micromechanimodel, Li and co-workers [3,

4] tailored and introduced practically the synthéters as the discrete reinforcement to a
cementitious matrix. To the resulting material thesignation Engineered Cementitious
Composite (ECC) was attributed. Only 2% in voluni€olyethylene Spectra-900 (PE), a
polymeric fiber with high modulus of elasticity (AZ5Pa) and tensile strength (2600 MPa),
has provided a strain hardening capacity of 3.54tstoriginal brittle cement based matrix.
Further, the Plasma treatment of these PE fibersased the frictional bond strength almost
two times, upgrading the composite strain ducttlity’%, while a tensile strength of 6 MPa

was assured [24, 25].

The initial efforts to develop a SHCC utilizing paihyl Alcohol (PVA) fibers have
resulted in a composite with a maximum strain caypad around 0.5% [26-28]. By using
this micromechanical approach, and consideringtfeet of the chemical bond, Li et al. [6]
have successfully developed a very ductile PVA-EHy@nodifying both the matrix and the
fiber-matrix interface. In fact, they realized thiae presence of the hydroxyl group in the
molecular chains of the hydrophilic PVA fibers diegs a strong chemical bond with
surrounding hydrated cement particles. This strdmgmical bond proportionates a further
increase in the frictional fiber pullout resistarthge to the bonded matrix particles to the
fiber surface and increased fiber surface abrasion.
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As Equation (3-7) indicates, the complementary gnéy,, decreases by increasing the
chemical bond;,;. Moreover, a very high chemical borij, can also lead to premature
fiber rupture during debonding or pulling out. Radst al. [23] and Li et al. [8] tailored a
suitable sizing for PVA fibers utilizing differeruantities of an oiling agent as a fiber
coating to reduce chemical bond at fiber-matrienface. The results of both single fiber
pullout tests and tensile tests on composites sti@aating PVA fibers surface with 1.2%
of an oiling agent (based on fiber's weight ratah optimize the interface of PVA/cement-
matrix for developing fine enough saturated mutiplacking.

3.3 Durability and Elevated Temperature Performanceof SHCC

Porosity and cracking are major causes for the revagermeability, which in turn
facilitates the ingress of harmful liquids and gag® controlled crack width development
up to the tensile strength of SHCC is a unique attaristic that contributes for the
enhancement of the durability performance of thenmmsite and its underlining
substructure, as compared to the ordinary concogtegen FRCs.

Figure 3.8a demonstrates the development of cradthvalong with the evolution of
tensile stress-strain curve in a typical PVA-EC@wi#% of fibers. According to this figure,
after an early strain, the crack width openingta&bsized far below 100 pum. This limit is
often proposed to control permeability of concrateaggressive environments. Contrary to
concrete or even FRCs, whose crack opening widfiert#s on the percentage of the
longitudinal reinforcement, SHCC is an inherentg{fsontrolled crack width material (see
Figure 3.8b).

Therefore, in the cracked stage, comparing to otleenentitious composites, lower
permeability and multiple cracking of SHCC resaltai superior performance under freeze
and thaw loading [29-31], restrained shrinkage a&tlicracking [32, 33], water and chloride
penetration and steel corrosion resistance [34&38],fatigue cracking [39].
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Figure 3.8: Crack width control in a PVA-ECC, (ahsile stress-strain behavior of a typical
PVA-ECC and crack width development [40], and (@n@arison of crack width and crack

developmentin steel reinforced concrete (R/C) wittel reinforced ECC (R/ECC) subjected
to tensile loading [41]

Regarding the performance of PVA-ECC under elevatetiperatures, different
conclusions, from reduction in tensile strain cafyaand increase in tensile strength to its
contrary can be found in the literature. This maynpout that the fiber-matrix interface is
influenced by high temperatures, however, its dégfian or strengthen depends strongly
on the matrix constituents. According to the obagown of Wu et al [29], for temperatures

86



Strain Hardening Cementitious Composites (SH

higher than 50 °C, increase in composite tengiength, reduction in tensile strain capacity
and increase in the maximum crack width were idiedti(see Figure 3.9). According to
these authors, the changes in composite mechanagaerties can be mainly associated with
the aggregates thermal coefficient, PVA fibers riadr stability and cement hydration
progress rate at higher temperatures. Howeverstiealized that a proper modification of
matrix composition can minimize the adverse effe€tigh temperatures (studied up to 200
°C) on composite mechanical properties. For exangalding silica fume and using quartz
sand instead of river sand noticeably decreaseséhsitivity of material tensile properties
regarding the increase in temperature. Contratlyisaconclusion, but in agreement with the
results reported by Mechtcherine et al. [42], Qtaveet al. [43] investigation showed a
noticeable increase in strain capacity of PVA-SHfoGtaining quartz sand in its matrix, for
an in-situ temperature increase from 20 °C to XD0t6gether with reduction in both first
tensile cracking strength and ultimate tensilengjtle of this composite. The higher strain
ductility was mainly attributed to the larger craekdth caused by changes in interface
properties of PVA fiber and the surrounding ma#tivan elevated temperature.

' 2
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Figure 3.9: Effect of elevated temperature on tenstress-strain response of PVA-ECC
following observations of Wu et al [29]
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Figure 3.10: Effect of elevated temperature onikersdress-strain response of PVA-ECC
following observations of Oliveira et al. [43]

3.4 Structural Applications of SHCC

Comparing to regular constructional materials sashconcrete or even conventional
FRCs, the higher cost of SHCCs is restricting tla@iplications to the cases where their
distinct characteristics can be exploited. Hené&aments of a structure demanding a high
durability, high ductility, high energy dissipatiocapacity, high toughness, enhanced
bursting or spalling resistance, or a reliable @sion protection are the most appropriate
ones for SHCCs applications.

In this regard, investigation of Maalej and Li [38dmonstrated potential application of
SHCCs as a durable cover for the steel reinforcésnainan RC beam. According to their
investigation, a maximum crack width of 1.6 mm aled at a peak load of a regular RC
beam tested under four point bending was altereghtismpermeable cracking of 0.2 mm in
width, at the same load level, when the beam’s casas built of PE-ECC. This result
suggests the potential use of SHCCs in enhanaingtatal durability.

Promising results obtained from cyclic testing lbbg-span steel reinforced PVA-ECC
beams (R/ECC beams) [44] suggested potential ajplic of SHCCs in construction of
seismic resistant members with the demand for la &égergy dissipation capacity, such as
coupling beams or shear walls. A reflection of #tisdy was the adoption of precast R/ECC
coupling beams in the construction of two high-R@ residential buildings in Japan, 27-
story Glorio Roppongi in Tokyo and 41-story Nabeadiower in Yokohama. These
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coupling beams connected the core walls on eadch ftoprovide high vibration damping
and energy absorption during an earthquake (Figure).

Corner core walls

Precast ECC
coupling bearr

Figure 3.11: Nabeaure Yokohama Tower with ECC dagpbeams (Designed by
Mitsubishi Jisho Sekkei Inc. & Kajima Corp.; Constred by Kajima Corp.; Completed in
2007)

High damage tolerance is another distinct chamstierof SHCCs. Figure 3.12
represents the results of indentation tests peddram PVA-ECC panel (Figure 3.12a) and
on a counterpart mortar panel (Figure 3.12b) [#4E relative surface area of the punched
indenter to the surface area of the panel (1%, B8:18%) was the parameter of the study.
The pictures on the left side of Figure 3.12a afguie 3.12b compare failure modes
observed in the PVA-ECC and mortar panels, resgadgti While radially distributed
multiple fine cracks, observed after removing thdeinter, evidenced the high damage
tolerance of SHCC, the fracture of the mortar partelfew pieces indicated a brittle failure
initiated at inevitably existing defects. The dagis on the right side of Figure 3.12a and
Figure 3.12b illustrate the load-displacement respmbtained from indentation tests on the
PVA-ECC panel and the mortar one, respectively. @anson of these results clearly
reveals that the bearing displacement capacityvé-ECC is almost one order larger than
the mortar panel one. Moreover, the indentationl loapacity of a PVA-ECC panel for a
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relative surface area of 1% is almost twice the ohéhe mortar panel. However, this
difference decreases with the increase of theivelatirface area of the indenter.

A further development of this study was the in\gggtion on the possibility of connecting
ECC sandwich panels to each other by using a dny gonfiguration [44]. As depicted in
Figure 3.13, this joint is composed of two sandwpemels connected by means of bolted
steel plates. Results of joint shear tests perfdrore a specimen made of ECC sandwich
panelsversusits counterpart composed of lightweight concretegls (both reinforced with
0.75% longitudinal and transverse steel reinforairnare presented in Figure 3.13. In spite
of brittle failure of the specimen built of a ligieight concrete with major splitting cracks
running along the holes up to the failure of EC@cimen, there was almost no visible
damage in its joint region. Indeed, even thoughfditeére of the ECC specimen was caused
by crushing at its supported portions, still theeimen attained a shear load carrying
capacity almost double of that attained with tigativeight concrete specimen.

Begring Arda = 1%

0 5 10 15 20
Displacement (mm)

@)

I~ 1”" ]

0 0.5 1 1.5 2 2.8
Displacement (mm)

(b)
Figure 3.12: Results of bearing indention testarECC, and (b) mortar panels [44]
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Figure 3.13: Dry joint test configuration and resy4t4], (a) specimen made of ECC panels
failed by crushing at supporting regions while adtoo damage was observed at the joint
region, (b) specimens made of light weight concfalled with splitting cracks along the
holes, (c) load-displacement response of shearaesECC and lightweight dry joint
specimens.

The effectiveness of a similar concept was recemtgmined in the retrofitting of a two-
thirds-scale model of a steel moment resisting @&§MRF) as a prototype of a two-story
steel building, designed in California in the 198M5]. The proposed seismic retrofitting
system was composed of series of two verticallyneated prefabricated infill panels fixed
at their superior and inferior boundaries to theidomtal elements of the MRF (see
Figure 3.14a and Figure 3.14b).

Two seismic events, each in an individual phasesewsmulated to evaluate the
performance of the proposed retrofitting technigue.the second phase of testing
(simulation of the second earthquake) all the anelre replaced with similar intact ones.
Test results revealed that micro-cracks propagateHIPFRC infill panels, dissipated
significant amount of the service level earthquakergy. For both earthquakes loading
types (Design Level or a Maximum Considered Earétkgli the seismic demands in terms
of story and residual drift ratios for the retrtdd MRF presented a 40% reduction as
compared to the bare frame. Figure 3.14c illusdrdbee crack propagation and failure
localization at HPFRC infilled panels correspondinghe final state of the testing at phase
Il and .
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Figure 3.14: Application of precast HPFRC paneleinofitting of a steel moment resisting

frame (MRF), (a) details of prefabricated retrafit system, composed of two vertically

placed panels connected to each other using ajsteehnd fixed to the horizontal elements
of the steel MRF at their extremities, (b) arrangaimof several prefabricated panel in a
prototype steel frame of a two-story steel buildidgsigned in California in the 1980’s, (c)

crack propagation at the end of each of two tegtimases
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Figure 3.15 depicts a bridge deck located at sasthélichigan, USA, whose
conventional expansion joint was replaced with &@CE'link slab” [46]. The proposed
system benefits from the high ductility of ECC tocammodate the tensile deformation
caused by thermal expansion and contraction oathacent girders, while the maximum
crack width in the deformed link is fine enougiptevent penetration of aggressive liquids
causing deteriorative effects to the bridge’s ulyttey constituents (e.g., penetration of
saturated water with de-icing agents which causesosion of steel girders). The high
durability of the proposed system results in lowstintenance and repair costs, assuring a
sustainable repair/construction solution for bridgelications.

(b)

Figure 3.15: The conventional expansion joint obradge deck located at southeast

Michigan, USA, replaced with ECC “link slab” as efdrmable and durable solution [46]
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Another interesting application of SHCC was demiatstl with the repair of one-third-
scale interior RC beam-column joints [47]. Thesecapens had inadequate seismic
detailing and were damaged in the joint region uan earthquake simulated loading. An
HPFRC mixture with steel fiber volume fraction ébZbrass-coated fibers with a length of
6 mm and diameter of 0.15 mm), possessing a tesrstlea compressive strength of 8.5 and
75 MPa, respectively, was used to repair theseégof1l5 mm thick jacket of this HPFRC
cast all around the joint and the column regiothefdamaged beam-column joints resulted
in a notable increase in the lateral load carrgimgacity, in both displacement ductility and
energy dissipation capacity, and also a much I®pecimens’ stiffness degradation rate.
The HPFRC jacket successfully transformed the jsirgar failure, observed in the virgin
specimens, into a ductile flexural failure locadizen the beams. For a quantitative
interpretation of these results, the scale effeoukl, however, be taken into account.

Attaching SIFCON precast composite blocks to thetjoegion of exterior RC beam-
column joint is another successful example of ekptp potential energy dissipation
capacity and toughness of SHCCs in retrofittin@&fmembers [48]. Figure 3.16 illustrates
the configuration of such a two-thirds-scale RCrbemlumn joint retrofitted with SIFCON
blocks of 50 and 100 mm in thickness attached égjdimt’s critical regions by means of
chemical anchors. Results of testing under lateyalic loading revealed a significant
enhancement in lateral load resistance and isiifhess of the retrofitted specimens, along
with a more ductile failure when compared to theults obtained from testing the un-
retrofitted control specimen. The proposed retin{t configuration contributed to a very
high energy dissipation for the RC beam-column tjolHowever, the relatively high
thickness of the precast elements may cause athié disturbance, which could be
considered as a shortcoming of this system. Momav® increased stiffness of the
retrofitted regions and the decreased length of ablemn and beam elements may
consequently increase shear demands of this elem&ntlatively high weight of these
precast elements, due to their large geometry, alsy adversely affect their practical
feasibility.

Retrofitting of damaged/undamaged RC beams (lac&imaar or flexural capacity) by
adhesively bonded prefabricated CARDIFRC stripghtobeams tension face and lateral
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faces is another investigated application of SH{2Gs50]. Comparison between the results
of flexural tests performed on the small-scaleoféted beams and the results of control
beams confirmed the effectiveness of the proposednique in increasing the stiffness,
ductility and energy absorption. A superior perfarmoe of retrofitting with CARDIFRC
strips of 16 mm thickness in comparison with 20 omas was observed, which may lead to
the conclusion that the retrofitting effectivene$this system beyond an optimum thickness
(lower than 20 mm) decreases.

In another study an ECC layer was added to the bdlaxural strengthened with FRP
system [51]. The results showed that ECC, covdhied-RP system, can indeed be used to
delay debonding of the FRP, contributing for a meffective use of the FRP material.

SIFCON corne
elements
(200 mm thick)

f 5 SIFCON elemer
/ (50 mm thick)

Figure 3.16: SIFCON precast composite blocks a#ddby chemical anchors to critical
regions of exterior RC beam-column joint as a halghness retrofitting solution [48]

The high ductility of SHCC was also employed tor@ase flexural strength and
deflection ductility of masonry beams. By testindpending masonry elements strengthened
with a thin layer of SHCC (15 mm or 20 mm) appliedheir tension face, Esmaeeli et al.
[52] demonstrated that higher load carrying capaaitd ductility is achievable when
compared to flexural strengthening methodologiesetiaon the use of thicker layers (30
mm) of ordinary steel FRC (see Figure 3.17).
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Figure 3.17: Comparison of the average force vensidsspan deflection curves and crack
propagation of the masonry beams flexurally stieeiged with SHCC (B15_avg and
B20_avg) and steel FRC layer (T3_avg and TO_awg)) [5
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Chapter 4: Development of Hybrid Composite Plate (HCP)

4.1 Introduction

This chapter is dedicated to the development dfira prefabricated plate nhominated
Hybrid Composite Plate (HCP), to be used as anviatinge element in strengthening and
repairing of RC structures. In development of H@® features are tailored to achieve a
robust alternative for the traditionally known teajues in retrofitting jobs based on using
FRPs. Hence, HCP is developed mainly to be usecefmfitting of RC structures located
in severe environmental conditions or those reghigedevelopment of high level of tensile
stresses in their retrofitting element (delayed/ended CFRP debonding).

Within this chapter, initially an introduction tbe structural concept of HCP and its
expected performance in retrofitting of RC elemeats presented. Furthermore, the
methodology adopted in processing of PVA-SHCC, ras af two constituents of HCP, is
presented and discussed.

Finally, the construction technique of HCP aneftectiveness for the retrofitting of RC
structures are assessed through a preliminarilyergrental program. Series of shear-
deficient short-span RC beams are prepared andr#issfitted with different schemes,
including attaching HCP to their lateral faces. S&ndeams along with two other beams
acting as reference specimens, one as-built beasntlam other one retrofitted with
conventionally bonded CFRP sheets, were subjeotétde point flexural tests.

A discussion based on the results of testing thetsefitted beams in comparison with
results of the reference beams is adopted to deathea HCP potential as a retrofitting

element to be applied to RC structures.

4.2 HCP Material-Structural Concept

HCP combines the potential structural effectiverasgrefabricated SHCC reinforced
with CFRP in retrofitting of RC structures. As 8lmated in Figure 4.1, CFRP is attached on
the face of the SHCC plate either in the form dfeaxally bonded sheets, designated as
HCP®), or in the form of laminates placed into the prexs grooves on this face, designated
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as HCHY. The orientation of the bonded CFRPs is set basdtle retrofitting demand. For
example, if flexural strengthening is under consitlen, carbon fibers are oriented along
the length of the HCP, while for the shear streagihg they can be arranged inclined or
parallel to the HCP’s width.

SHCC plate

SHCC plate

Bonded

carbon fabric CFRP laminate

" bonded inside the grooves

(a) (b)
Figure 4.1: Configuration of HCPs (a) HEP bonded carbon fabric to a face of a
prefabricated SHCC plate, and (b) HE&Pbonded CFRP laminates into the pre-sawn

grooves on a face of a prefabricated SHCC platgg(that the orientation of FRP bonded
to the SHCC plate should be adjusted accordingastrengthening demand)

As it was discussed in previous chapter, SHCCcieraentitious matrix reinforced with
short discrete fibers, capable of developing higtesrsile capacity than the strength
corresponding to its first cracking, if stretchexl/bnd this point. An appreciable amount of
ductility under tensile loading is one of the mdssired characteristics of SHCC which
originates from the formation of multiple diffuséide cracks before SHCC reaches its
ultimate tensile capacity. However, the ultimatasiée strength of SHCC is generally
limited to two or three times of its matrix tenssigength. On the other hand, CFRP has a
high tensile strength with an almost linear-elastisponse up to its tensile rupture, hence
providing only a very low ductility.

Therefore, as depicted schematically in Figure #HEZP integrates the synergetic
advantages of CFRP and SHCC, namely strength antlitgy in retrofitting of RC
structures. Thanks to the high ductility of SHCE transfer forces between HCP and RC

substrate, this thin prefabricated plate can eeh#d to the substrate not only by means of
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adhesive but also using only anchors, or a combimétereof. Potential applications of this
technique, as schematically presented in Figureadesfor: flexural or shear strengthening,
confining columns with rectangular cross-sectiond amproving seismic performance

(more specifically energy dissipation capacitypeém-column joints.

Stress

fr=Jg
{

CFRP sheet

..‘:;-:a1

u
sh :
euCC plate.  CFRP laminate
o T
fsh .................. ‘: CraCk;W;‘dth T .: .| VI II \'
: N e et S e o ol >
B | 15 IRKYR
s :
I s HCP®
'.’ 13
= .
Bl Ef £t Strain

Figure 4.2: Schematic presentation of tensile biehasf CFRP and SHCC, crack
propagation and crack width in SHCC at differeradmg stages, and crack propagation
close to the rupture of CFRP at HCP (in this figeffeandes;, are tensile strain in SHCC
corresponding to the stress at the first crackifif) and to the ultimate tensile strength

(fsn), respectively f{ is the stress corresponding to the rupture of CER®¢; is its

corresponding strain).
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Figure 4.3: HCPs attached to the critical regiomsaodeficient RC structure for the
strengthening purpose (HCP1 is attached to the fmedumn joint region to improve
seismic performance, HCP2 is attached to the botibtne beam to increase flexural
strength and HCP3 is bonded to the lateral facebebeams to enhance shear capacity.
Note that for the connection of HCP to concret®mlgination of anchors and adhesive in
the case of HCP1, only anchors in the case of H&8R2pnly adhesive in the case of HCP3
are considered only to exemplify different conratsi)

If anchors are the only connection system, thessttr@nsfer between the HCP and the
RC element occurs mainly at the fastened locatonsthrough the bearing capacity of the
SHCC plate. According to this configuration, anyrease in the deformation of the
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retrofitted element is accompanied by a slidinguMeein the strengthening layer and the
concrete substrate, thus desirable for ductilityagrcement applications.

When anchors are used in combination with HCP-R&fmce bonding adhesive, they
are primarily aimed at providing a vertical pressto the HCP in order to delay/prevent a
possible detachment, but they also have anotheefioenl effect. In fact, the anchors
contribute, through the SHCC bearing capacityrangferring the shear stresses released at
the detached regions of the HCP and those restitting a further increase in deformation
demand of the retrofitted element.

As compared to the anchored HCP, a connection l@asedmbination of anchors and
adhesive is suitable to mobilize tensile capacfta digh stiffness HCP, where is needed.
Such connection is also expected to improve thecgability performance of the retrofitted
element more notably than a discrete connectiorero&dnly anchors, since restricts cracks
width and the deflection of the retrofitted element

Moreover, HCP is developed to suppress, even tigisy the shortcomings of FRP
systems (discussed in chapter 2) in structurahgthening. In fact, since the FRP bonded
face of HCP is the one placed in contact with #teofitted RC member, SHCC acts as a
protective cover for CFRP constituents, which paesiinsulation for both FRP and bonding
material used in the structure of an HCP. Therethis system is expected to endure higher
levels of temperature in comparison to conventioapplications of FRP system.
Furthermore, up to the rupture strain of CFRP ne#emwhich is often below 2%, normally,
impermeable fine diffused cracks form in the SH@@h a maximum crack width limited
to 0.1 mm, which potentially assures a long-timegrenance for the constituents of the
HCP system, and enhances the durability of theetsrto be strengthened (see Figure 4.2).

Hence, compared to the FRP strengthening technidi@P is more suitable for the
strengthening applications where RC members anestgd to an aggressive environment,
to a relatively high temperature or considerablapgerature variations, and to the risk of

vandalism.

Moreover, as the detachment of HCP connected toeR@ents by means of both
adhesive and anchors is expected to be preventddeast significantly delayed, this system
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offers an enhanced reliability and effectivenesscgly in strengthening RC elements
demanding a remarkable upgrade in their strucpggbrmance.

This technique is also potentially appropriate veht@e concrete cover has a poor quality
and/or strength, since anchors are expected tefémathe interlayer shear stresses to the
element’s core concrete, beyond the level of thim stael reinforcements.

Furthermore, the proposed technique is indepenatfetiie thickness of the concrete
cover, which is important if compared to the sttbeging method based on bonding FRP
bars/laminates into the pre-sawn grooves on cancmter (NSM-FRP).

If increasing the shear capacity of the RC membehe strengthening objective, the
notable contribution of SHCC plate in resisting ahstresses is combined with tensile
contribution of FRP elements to significantly uptgahe RC member’s shear strength.

Finally, in contrast to FRP systems that are susdepto premature buckling under
compressive stresses, an HCP retrofitted elemesxpected to present a notably higher
compressive capacity due to the contribution of SHE the mechanism of resisting
compressive stresses and the enhanced compressivgtis of the confined concrete (e.g.,
in the case of an HCP strengthened rectangulamsolwith an HCP-RC connection based
on adhesive and post-tensioned chemical anchors).

Moreover, as compared to TRM systems, a much sudsond strength at the interface
of HCP constituents (CFRP and SHCC), and at tlezfate between HCP and concrete is
attainable.

4.3 SHCC Mix Processing

According to the material-structural requisitesaafHCP, its ductile cementitious plate
should possess a tensile strain capacity in thgerahrupture strain of CFRP sheet/laminate
(generally between 1.4% and 1.7%). In terms ofilesfength, a moderate capacity, e.g.,
between 3 and 5 MPa, is set as another mecharoceitraint in developing SHCC.
Moreover, such a composite should comply with theadility requirements of an HCP.
Hence, the maximum crack width at the peak loadilshbe limited enough to provide a
satisfactory long-term performance under servieglilog conditionsThe literature review
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on mechanical characteristics and durability penfmces of the existing strain hardening
cementitious composites, presented in chapter gesis the PVA-SHCC (originally
designated PVA-ECC [1]) as an appropriate compaésitee used in production of HCP.

This SHCC exhibits ultra-ductile behavior undersienloading for a moderate content
of short discrete PVA fibers (2% in composite vo@)ni2]. The mechanism of self-crack
width control in PVA-SHCC limits its maximum crackening at the peak of tension load
to an impermeable width [3]. Besides its lower castong the other SHCCs with
comparable characteristics, resulted from its esying tailor on the basis of
micromechanical models, the technology of procegsaimd using PVA-SHCC is rapidly
broadening in both laboratory and constructionalescaround the world [4-8]. Moreover,
there are an appreciable amount of studies availabllong-time durability and thermal
stability of PVA-SHCC as compared to the other SKBCThis is why the ongoing report of
“RILEM Technical Committee 240-FDS” with designatiof “A framework for durability
design of fiber-reinforced strain-hardening cemsied composites (SHCC)”, is mainly on
the basis of the results obtained from testing SHCCs.

To tailor an ultra-high ductile composite, the sgic interaction between the
cementitious matrix, PVA-fiber, and fiber-matrixenface should be exploited. Hence, for
a specific fiber with a given geometry, mechanmaperties and surface treatment (e.g.,
PVA fibers), characteristics of cementitious matshould be constrained to the
requirements of micromechanical models explainesettion 3.2.1. Therefore, for the oil
coated short PVA fibers dispersed in a cementitimagrix, lowering the matrix fracture
toughness and crack initiation strength along wilémsifying the fibers-matrix interface
transition zone (ITZ) are the main principles inGEiprocessing.

In the current research work, the ingredients dsednhatrix processing are selected in
compliance with both the availability of local miagds in north Portugal and the constraints
of PVA-SHCC micromechanical models. Processing thisiposite in the framework of
present study is also relied on the previous egpees and studies of the author in
developing PVA-SHCC [8]. In the next sections acdpsion of the used constituents is
presented.
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4.3.1 Constituents of Composite Mixture

4.3.1.1 PVA Fibers

The short PVA fibers used in this study are produlbg Kuraray Company with the
designation RECs15x8. Geometrical and mechanioplgties along with a figure of these
fibers are presented in Table 1. Due to the presehtiydroxyl groups on the surface of
PVA fibers, they exhibit a high affinity to waté&nown as hydrophilicity. Consequently, the
formation of hydrogen bonding at the interfaceibéfs and the surrounding cementitious
particles results in developing a strong chemicaid Excessive chemical bonding, as
discussed in section 3.2.1, causes premature rupfufibers for only a limited sliding,
consequently reduces fibers-bridging complementamergy(J,) . This problem was
partially treated by coating external surface dfefs using 1.2% by their mass of a
hydrophobic oiling agent that optimizes the cheiboading [2, 9]. Pervious investigations,
adopting micromechanical ECC design models, rede#iiat a fiber content of 2% of
composite’s volume is required to practically asstire development of an ultra-ductile
PVA-SHCC, provided that cementitious matrix possappropriate characteristics [1].
Therefore, in the current study the same contefibers is used.

Table 4.1: Properties of PVA fiber PVA RECs15x8
Nominal

Diameter Length  tensile Modul_u_s of Density Elongation
elasticity
strength
um mm MPa GPa griclm %
40 8 1600 40 1.3 7

4.3.1.2 Sand (SA)
In development of PVA-SHCC, minimizing matrix crat¢ip toughnessj;,, (or

equivalently matrix fracture energy) is fundametdahssure the chance of a higher tensile
ductility due to an increaség/J ., [10]. Therefore, to control matrix fracture tougiss and
reduce its first cracking strength, mixing largg@gates or high contents of fine aggregates
should be avoided.
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Mixing a moderate amount of fine sand is approeria main both matrix fracture
toughness and crack initiation strength sufficietdlv, since both aggregates’ interlock and
tortuosity of crack path are reduced. Moreovergampared to a matrix made of only
cementitious paste, introducing fine sand not ardntributes to the cost efficiency of
material, but also reduces the risk of shrinkag® @®ep, associated with a cement high
content [11], and enhances material’'s modulusastielty. From rheological point of view,
fine sands help in uniform dispersion of PVA fiberside the cementitious matrix.

Depending on the type of the sand, its particle slistribution and maximum particle
size, and also the composition of the binder (#8),ratio of SA/B in a PVA-SHCC may vary
between 0.36 and 0.69, to accomplish both micror@chl and rheological requirements
of composite [12-15]. Taking into account this raragf SA/B and the past experiences of
the author in developing PVA-SHCC [8], in this rass work, silica sand with a maximum

grain size below 50Qm and a specific gravity of 2630 kgiis used.

4.3.1.3 Cement (C)

Portland cement type | 42.5-R with the physicalpgmbies reported in Table 4.2, was

selected as one of the constituents of the twosgantder (cement and fly ash) used in the
matrix mix.

Table 4.2: Summarized physical specification of ertriype |1 42.5-R

Paramete Value

Specific gravity 3150 kg/nd
Blaine fineness 387.3 ni/kg
Initial setting time 116 mir
Final setting time 147 mir
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4.3.1.4 Fly Ash (FA)
The early versions of PVA-SHCCs incorporated higment content as the only binder,
in the range of 830 to 1200 kg/mmainly reduce the matrix fracture toughness.

However, high cement dosage is not only responfbk high hydration heat and drying
shrinkage but increases the material cost and selyeaffects its sustainability in terms of
its impact on environment. Partially substitutingeent with fly ash, which is a coal
combustion residue with pozzolanic characterisiscan alternative that positively addresses
both material sustainability and cost efficiency.

Moreover, fly ash can dilute the concentrated cdratthe fiber-matrix interface, hence,
reducing chemical bonding. Finally, fly ash witls spherical shape particles finer than
cement, is suitable to increase densificatiohTd, thus, enhancing fiber-matrix frictional
bond.

Beneficial effects of partial cement substitutinghwfly ash in traditional concretes is
limited to a replacement that ranges between 1082&P0 of total cement mass [16, 17]. In
the case of PVA-SHCC, however, using a high volwfiy ash (HVFA) was found to be
useful in reducing both matrix fracture toughnesd atrength at crack initiation, also
assuring nearly constant long-term composite chenatics, namely tensile strain ductility
and crack width, since the changes in Ithé is minimized [12, 13]. Furthermore, a high
content of fly ash improves the rheological projerof the composite and helps in better
fibers dispersion.

On the other hand, increasing the amount of fly adliersely affects composite
compressive strength, for example, increasing Fd¢@h 1.2 to 5.6 was reported to be
responsible for an average drop of 59% in the 98 dampressive strength of PVA-SHCC,
while at the same age, composites with FA/C oexlgibited a much better performance in
terms of tensile strain ductility and residual éraadth [13].

Fly ash used in present study, with specific gyaeft 2420 kg/ni, complies with the
minimum requirements indicated in EN-450 [18] to Umed as a partial replacement of
cement in concrete. Based on the specificationthisf standard the adopted fly ash is
categorized in class B and group N considerindatb®of ignition and fineness, respectively.
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Chemical composition and other properties of tgealh used in this research work are
indicated in Table 4.3.

Table 4.3: Fly ash properties and chemical comjpos#ccording supplier

Cr 0% MgO 1.9 %

SCs 0.12 % P2-Os 1.92 %

CaoO fres 0.1% Total alkali 0.25%

CaO reactiv 2.7 % Retained on No. 325 sie 15 %
SiCz reactive 40.8 % l.A. 280" 79 %
SiO2 + Al203 + Fe203 89.9 % l.LA.oop** 99 %

* Strength activity index with Portland cement8tdays
** Strength activity index with Portland cementat days

4.3.1.5 Chemical Admixtures (SP & VMA)

To achieve uniform fiber dispersion during compa4dibw, self-consolidating is a key
requirement for a fiber reinforced cementitious paosite. It also contributes in increasing
composite workability and minimizing the requiredeegy to place composite inside the
moulds. Such a high deformability initially needsat the self-weight of composite
overcomes its yield-strength, which is proportioteathe interparticle forces. Furthermore,
an adequate viscosity should be available to aelaehomogenous flow of the fresh mixture.

Electrostatic forces between cement particles are af the strongest interparticle
attractions that may result in cement particlesdidation, resisting composite yielding and
flow. Such a phenomenon also causes a notablegsegne between composite constituents,
even if sufficient external energy causes in conmpgselding.

High range water reducer admixtures (HRWRAS), &tsown as superplasticizers (SP),
are generally used to disperse cement particleseghate water demand, while an enhanced
workability for the obtained self-consolidating riuxe is assured [19]. Despite the beneficial
effects of SPs in improving matrix deformabilitiese chemical admixtures may adversely
affect the viscosity requirements for uniform fibdispersion during mixing and placing
composite. Moreover, the repulsive effect of SPE@ment particles decreases over time,
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resulting in early loss of workability. Employingseosity modifying agents (VMAS) with
electrosteric stabilization characteristic is a@eraltive to supress these shortcomings, since
adding VMASs into cementitious mixtures enhancestore viscosity and reduces van der
Waals attraction between adjacent particles [28)A¢ are traditionally used in developing
self-consolidating high performance concretes tmwicavor minimize the washout,
segregation or settlement of ingredients, and waésding [19, 21].

Although a higher viscosity is appropriate for d@téedispersion of fibers in the matrix
and assures a homogenous flow of composite inr@shfstate (preventing the fibers
settlement), and consequently improves compostélithyin the hardened state [22], a too
high plastic viscosity reduces composite fluidltythe other word, while a high viscosity
favors a homogenous mixing of fibers into the nxatmore than a moderate viscosity
adversely affects composite fluidity. Thereforecaeful selection and adjustment of
concentration of each of these chemical admixtusegssential to process a self-
consolidating composite that maintains good coesst and workability characteristics
with uniformly dispersed PVA fibers.

In this research work, an aqueous solution of nelipolycarboxylates with a density
of 1.06 + 0.02 kg/drhand a solid content of 26.5 + 1.3% supplied witke® Company
under designation of “Sika® ViscoCrete® 3002 HEUs&ed as the superplasticizer (SP).

The adopted viscosity modifying agent (VMA) was yatoxypropyl methyl cellulose
(HPMC)-based light solid powder supplied with Do®hemical Company.

4.3.1.6 Water (W)

Water to binder content (W/B) plays a significanler in adjusting chemical and
frictional bonds at the interface between PVA fidband their surrounding matrix. A high
W/B helps in lowering the fiber-matrix chemical twhmg, since the concentration of cement
particles at thdTZ is reduced. From a micromechanical point of viéawer chemical
bonding promotes the chance of fibers sliding whiglbasically essential to achieve
sufficient fibers-bridging complementary energjy, However, a too high W/B result in a

low fiber-matrix frictional bond and consequenthadequate fibers crack bridging strength,
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which is not in favor of satisfying the strengtitemon according to SHCC micromechanical
design concept (see Equation (3-4)).

Furthermore, for a given solid concentration, W/& han inverse relation with both
matrix toughness and crack initiation strength. ¢xdang to the SHCC micromechanical
model, to achieve a strain hardening response riogvboth these characteristics should be
aimed at (see Equations (3-3) and (3-4)).

A literature review reveals that depending on bindemposition, the W/B varies
between 0.21 and 0.40 to satisfy the above-merdicoaditions for matrix and matrix-fiber
interface properties [12-15]. In the selection o&ter content achieving sufficient
compressive strength and modulus of elasticitylfercomposite is another constraint.

4.3.2 Composite Mix Processing Methodology

From the previous discussions, it can be founddeseloping a PVA-SHCC involves
calibration of several coupled variables and orhgirt careful adjustment results in a
composite satisfying both fresh-state and hardet@®- requisites, namely rheological
properties for good fiber dispersion, adequate aoitky, and sufficient multiple-cracking
and strength under tensile loading.

The composite mix processing methodology adopteniment research work is based
on minimizing the number of these variables. Tims ig fulfilled, considering the results of
the statistical analysis conducted by Yang et2#] pn sensitivity of PVA-SHCC to the
proportions of its constituents. Following the aute of their experimental study, these
researchers reported that W/B, SP/B and VMA/B hheehighest influence in altering the
mixture rheological properties, while W/B is the shenportant factor affecting composite
mechanical properties (the binder was composedenfeat and fly ash). Taking these
findings into account, in this research work, tbaentrations of cement, sand and fly ash
are treated as constant parameters, while the mootevater and admixtures are taken as

variables.

Following the discussion presented in section 434 high content of fly ash although
increases SHCC ductility, adversely affects its pogssive strength. Therefore, the bearing
capacity of SHCC will be reduced, and a prematuusting of SHCC at the interface
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regions with anchors restricts exploiting the fetrofitting potential of HCP. Furthermore,
only moderate tensile strain ductility is sufficiea fulfill CFRP-SHCC strain compatibility
and to achieve local stress redistribution at ti@PHanchored regions. Considering this
discussion to process PVA-SHCC in this researchkkwea/C of 1.2 was chosen as one of
the constraints among others.

Furthermore, the SA/B of 0.5 was selected as ancappately average value of those
reported in the literature by the other researc{sas discussion in section 4.3.1.2).

The contents of variable parameters (W, SP and ViV carefully adjusted to process
a PVA-SHCC with optimal fresh state workability aadlequate mechanical properties, both
constrained with the requirements of HCP consioactConsidering the range of W/B found
in literature (discussed in section 4.3.1.6), t60.25, 0.30 and 0.35 were the selected trial
for this parameter.

The general framework for processing of PVA-SHC@én set based on optimizing the
fresh state properties of composite at each givéa dntents, and then characterizing the
hardened state properties of each of these rh@albgoptimized composites. The mixture
is accepted if its mechanical properties accomghghrequirements of a composite to be
used in construction of HCP (see section 4.2).

Optimizing composite fresh state properties wasssboed of two sequential phases:
matrix and composite phases. In the matrix phaseiammixtures containing similar solids
(binder and sand) concentrations were preparetlitly she optimized concentration of SP
at each given W/B. The optimized concentration®f &so known as saturation dosage, is
defined as an SP concentration that beyond it tbhdubenefit is achieved.

Although traditionally, in development of self-caidating concrete (SCC), the
saturation dosage of SP is investigated using &oepaste [23], it is also known that in the
mortar phase other factors such as concentratiosold aggregates may influence the
optimized SP dosage obtained from the paste ex@ionisa[24]. Hence, in this research
work, the SP optimum dosage at each given W/Bvatidconstant solid concentrations, is
investigated directly in mortar phase. Mini-slumpne device is used to measure the
diameter of self-weight spread of the mortars assitdicator for mortar’'s deformability.
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The optimum concentration is then defined as theexd of SP that any further increase
beyond this dosage introduces only a marginal ar eeanges in the mortar flow spread.

The first trial in preparing the mortar mixturesifiwthe lowest water content (W/B =
0.25) and no SP, revealed a notable water bleeatidgsegregation at the boundary of the
flow spread. To prevent this segregation and aehmartars with sufficient consistency, a
constant VMA/B of 0.1 was added to all the mortaxtares trials.

Optimizing VMA concentration was investigated a¢ tomposite phase. Adopting the
calibrated concentration of the SP for each givetB \dbntents, found in mortar phase,
composites with variable amount of VMA/B and a @ixeontent of PVA-fibers (2% of
composite volume) were prepared. Consistency ol @dhese composites in terms of
fibers dispersion and workability was examined étest the optimum concentration of
VMA.

The deformability and fluidity of composites wereeasured by means of the tests
executed using mini slump cone and V-funnel devicespectively, with the geometrical
specifications depicted in Figures 4.4a and 4.divespondingly. In the absence of a feasible
guantitative technique, fibers dispersion was eatalt only by means of visual and touching
inspection to assure a composite mixture almost &k clumped fibers and with well
dispersed fibers (if fibers are transported byfline of the paste up to the spread’s border).

Finally, for each given W/B the optimized concetitnas of SP and VMA were used to
prepare PVA-SHCC mixtures of larger volumes, angr&pare thin plates for composites
tensile characterizations in the hardened state.

The abovementioned adopted strategy for procesBMA-SHCC is schematically
illustrated in a flowchart showed in Figure 4.5.t&8lls on mixing procedure, casting and
curing the PVA-SHCC plates, geometry and prepanethod of the tensile specimens, and
the tensile tests are discussed in the followirgices.
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Figure 4.4: Geometrical specifications of the appaes used to characterize fresh state
rheological properties of the mixtures, (a) V-fuhttemeasure fluidity of the composites,
(b) mini-slump cone to measure deformability of tmomatrix and composite, and (c) the
conventional slump-cone to verify self-consolidgtmf the processed SHCC

4.3.3 Mixing Procedure

An automatic planetary rotating mixer with a bowbpparent capacity of 10 liters was
used to prepare mortars and composite mixturesadbpted mixing procedures, sequences
of adding mixture ingredients into the mixer an@ tmixing duration, for matrix and
composite mixtures can be found in Tables 4.4 aBdrdspectively.

For both the matrix and the composite mixturesalytdry solid ingredients, including
cement, fly ash and sand, were introduced intddvel of mixer and mixed for 30 seconds.
In the matrix phase, where the optimization of Siavestigated, half of the water combined
with all SP was mixed for 150 seconds. Finally, t@aining part of water combined with

all VMA was introduced and the mortar mixing folled/for more 150 seconds.

In the case of composite mixture, SP was firstediwith half of the total water and
then this mixture was introduced into the mixer boffter 30 seconds of mixing, the
remaining part of water in combination with the VM#&as introduced and the mixing
procedure using a high speed was continued fos&bOnds. Finally, fibers were gradually
added and mixed for around 300 seconds with higledplt is worth noting that adopting a
higher mixing speed is beneficial in achieving anogenous PVA-SHCC mixture. In fact,

12C



Develqgpment of Hybrid Composite Plate (HC

due to shear thickening characteristics of VMAighbr shear rate enhances the viscosity
of the matrix, which favors better a fibers disjmans

Select Appropriate Ratios for the P
Fixed Constraints (FA/C and SA/B) Choose W/B Contentsi<

v
: Find Saturated SP Content for
Matrix Phase > Each Given W/B
=
o
2
: <
Composite Find Optimum VMA Content for =
Phase "| Each Calibrated Matrix Mixtures )
8
=
v )
Characterize Tensile Behavior of @
the Rheologically Optimized
Composites
A
Check If Any of
the Composites Nc
Satisfies the HCP
Requirements
PVA-SHCC Is Developed
Figure 4.5: Adopted strategy for processing PVA-&HC
Table 4.4: Matrix mix procedure
Steps Ingredients mixed at each step Duration (s) pee&
Step 1 Binder (C & FA) + SA 30 Low
Step2 0.5W + SP 150 Low
Step 3 0.5W + VMA 150 Low

Table 4.5: Composite mix procedure
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Steps Ingredients mixed at each Step Duration (sec)Speed
Step 1 Binder (C & FA) + SA 30 Low
Step2 0.5W +SP 150 Low
Step3  0.5Water + VMA 150 High
Step4  PVA-Fibers 300 High

4.3.4 Optimizing SP Content (Matrix Phase)

Details of mortar mix compositions used to investiigsaturation dosage of SP for each

given W/B contents with constant amount of soligredients are shown in Table 4.6. After

preparing each mixture (mortar matrix), the minirsp cone, placed on a smooth leveled

plate, was filled and then lifted slowly upward/e mortar flowing under its self-weight

(see Figure 4.6). When the mortar stopped furtloeririg, its largest spread diameter and

the one perpendicular to this diameter were medsuiee average of these two diameters,

D9, was calculated and reported in the last columfiafiie 4.6. These data are used in

Figure 4.7 to graphically demonstrate the relatimiween spread diameter and SP/B

concentration for each given W/B contents. In thable, the content of the row

corresponding to the saturated SP dosage is pessgnbold.

@)

Figure 4.6: Mini-slump cone used to measure defbilhyaof mixtures: (a) the cone was

placed on a smooth plate and filled with the migfuand (b) the cone was slowly lifted

upward to let mixture flow under its self-weight



Development of Hybrid Composite Plate (H:

Table 4.6: Mass proportions of mortar mixtures &mel corresponding average spread
diameter of mini-slump test

W/B FA/C SA/B VMA/B SP/B D9
Mix label

(%) (%) (%) (%) (%) (mm)
M1W25 3.00 291
M2W25 2.75 290
M3W25 2.50 293

25 120 50 0.10
M4W25 2.25* 290
M5W25 2.00 277
M6W25 1.50 245
M1W30 2.50 336
M2W30 2.25 336
M3W30 30 120 50 0.10 2.00* 332
M4W30 1.75 318
M5W30 1.25 280
M1W35 2.25 381
M2W35 2.00 384
M3W35 1.85* 382
35 120 50 0.10

M4W35 1.65 372
M5W35 1.50 354
M6W35 2.25 381

* The optimum content of SP at each given W/B
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Figure 4.7: Mini-slump test spread diametsisuperplasticizer concentration for different
water contents (see Table 4.6)

—al

M4W25 (W/B: 25% & SP/B: 2.25%) M3W30 (W/B: 30% & 832 2.0%)

—

M3W35 (W/B: 35% & SP/B: 1.85%)

Figure 4.8: Mini-slump flow deformation of mixturegth optimized SP content at the given
W/B (see also Table 4.6)
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4.3.5 Optimizing VMA Content (Composite Phase)

As mentioned before, uniform fiber dispersion dgrcomposite mixing and flow is
essential to develop a PVA-SHCC with adequate frastd hardened state properties.
Although a higher mixture’s viscosity promotes beftber dispersion during mixing stage,
too high viscosity reduces significantly compoditedity and deformability, causing low
composite workability.

Taking into account these requirements, obviousdyaoncentration of shear thickening
VMA should be carefully adjusted to exploit its pss functioning under both high and
moderate shear agitation (the stages of mixingrdibeto the matrix and the composite
placing, respectively).

Therefore, optimizing VMA content in this reseasbrk was followed by introducing
variable amounts of VMA into SP optimized mortaxxtares at each given W/B and then
mixing 2% PVA fibers (in percentage of compositexwnlume) in each of these mixtures.

Deformability and consistency of each compositeturex were initially evaluated by
executing a mini-slump test. V-Funnel flow rate wasasured only for those composites

with well-dispersed fibers.

For each W/B contents, the mixture with the highssfiormability and fluidity was
selected to characterize its hardened-state tgmrsifgerties. Based on the results of these
tests, the composite with adequate mechanical prepeis selected to be used for
construction of HCP. Further, another mixture af gelected composite is prepared and its
large-scale fresh-state deformability examined Bans of a conventional slump testing
device. The geometrical specifications of this guaone are illustrated in Figure 4.4c.
Moreover, cylindrical specimens were cast using rér@aining part of this mixture to
characterize the compressive strength and moddlelasticity of the developed SHCC.

A similar approach to that described in the mopghase was adopted to perform
deformability test using mini-slump cone deviceéha composite phase as well. To evaluate
composite flow rate, the V-funnel was fully filledith the composite and after a minute of
resting, the stopper at the bottom of the funna removed and composite started to flow
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(see Figure 4.9). The time elapsed between remakhengtopper and the first observed light
at the bottom of funnel was registered as flow tate.

Figure 4.9: Composite flowing out of V-funnel

The composite mix proportions along with the resobtained from their rheological
characterization and the author’'s observationgnatieated in Table 4.7. In this table, the
row with its contents presented in bold correspandtie VMA/B resulted in the highest
fluidity (lowest funnel-flow time) at the given W/Bhotos of flow spread of rheologically
optimized composites are depicted in Figure 4.10.

From Table 4.7, it can be concluded that the optrtMMA concentration increases with
the increase in W/B, however, no linear relatiopstan be established between them.
Moreover, while for VMA contents lower than the iopim dosage clumping of fibers with
or without segregation has occurred, higher VMAaarirations than this optimum dosage
reduces both composite deformability and fluidity.
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Table 4.7 Proportions of composite mixtures and ttwresponding rheological properties
in consequence of changing VMA/B at each given W/B

Mix W/B FA/C SA/B SP/B VMA/B D9

label %) (%)

(%)

(%)

(%)

(mm)

T

(sec

observations

Clw25

C2W25 25 120

C3wW25

50

2.25

0.10

0.13*

0.15

178

185

169

N/A

21

32

slightly clumpec
fibers with

boundary water
segregation

goodfibers
dispersion and no
segregation

goodfibers
dispersion and no
segregation

C1wa30

C2wW30

C3wW30
30 120

C4W30

C5W30

50

2.00

0.13

0.15

0.17

0.20*

0.23

N/A

N/A

224

245

198

N/A

N/A

28

13

44

clumped fibers

clumped fibers

goodfibers
dispersion but
some surface water
bleeding

goodfibers
dispersion and no
segregation

goodfibers
dispersion and no
segregation

C1wa35

cowss > 10

C3W35

50

1.85

0.20

0.23*

0.25

N/A

255

225

N/A

11

27

clumpedfibers and
significant
boundary water
segregation

goodfibers
dispersion and no
segregation

goodfibers
dispersion and no
segregation

* The optimum dosage of VMA
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C4W30 (VMA/B: 0.20%)

)

C2W35 (VMA/B: 0.23%)

Figure 4.10: Flow spread of composites with optedix’MA content at different W/B (see
also Table 4.7)

As it is discussed in section 4.3.6.4, accordinth®results of tensile characterization,
C4W30 (see Table 4.7) exhibits adequate mechapioglerties and it is selected as the
composite to be used in HCP fabrication. In ordeserify the large-scale flow deformability
of the developed PVA-SHCC and to compare with #gpirements of a self-consolidating
concrete, another mixture of C4W30 was prepared d?&his mixture was used to measure
composite deformability by executing a conventicslamp cone test, with the dimensions
showed in Figure 4.4c. The slump cone was placeddsmnooth levelled plate and after being

fully filled with the fresh composite, was slowliftéd up to have mixture flowing and
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spreading under its self-weight. Once the spreadihgomposite was stopped, its two
orthogonal diameters, one of them was the largests diameter, were measured.

A photo of the large-scale flow spread of the depetl SHCC is depicted in Figure 4.11.
The average of the measured diameters for thissdpras 670 mm. Considering that the
slump flow diameter of the processed SHCC is irrdimge of 600 mm to 720 mm, proposed
by Okamura et al. [25] to categorize a concretsedfsconsolidating, the developed SHCC
satisfies the deformability requirements of a selfisolidating composite.

As mentioned before, the remaining part of thislir®VA-SHCC was used to prepare
specimens for characterizing the composite commeestrength and modulus of elasticity.
Five cylindrical specimens, 72 mm in diameter aBd dam in height were cast, without any
external vibration, and then cured with the sanaee@dure and condition adopted for the

curing of tensile specimens.

Figure 4.11: Conventional slump flow spread of tdeweloped PVA-SHCC with average
spread diameter of 670 mm (C4W30 with VMA/B of 0,28ée also Table 4.7)

4.3.6 Characterizing Composites Tensile Properties

A direct tensile test is the only appropriate tegtmethod, known till now, in order to
capture properties of fiber reinforced compositéh the tensile strain hardening potential
[26].

The results of direct tensile tests executed on uhenotched specimens provide
information regarding the SHCC first cracking sg#mn post cracking ultimate tensile
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strength, ultimate tensile strain capacity, anteifessary cracks sizes and distribution along
the length of the specimen corresponding to diffes¢rain stages.

However, the results of tensile tests on the uchext specimens may not characterize
accurately the post-peak response of an SHCC.clnidnen one of the cracked sections
reaches its maximum fibers-bridging strength, this opening of this localized crack which
has the major contribution in the further elongatid the specimen. Due to load decay, this
branch of force-elongation of SHCC is recognizedhas softening regime of the tensile
response. However, in the case of un-notched spasimot only the boundary conditions
of this crack is affected by the neighboring cracdso the elongation measured by the
Linear Voltage Differential Transformer (LVDT) gaes includes other sources of the
specimen’s deformation (such as elastic deformatfdhe intact composite in between the

adjacent cracks) which reduces the accuracy ofvhkiated material post-peak response.

Therefore, comprehensive characterization of th€ SHensile response also requires
the evaluation of a single crack opening behawbich can be obtained by executing direct
tensile test on notched specimens [27]. In suchisye®s, once the crack is fully developed
along at the weakened section, the tensile respafreseotched-specimen can be interpreted
in terms of fibers-bridging stresgy) versuscrack opening displacement (COD). Such
information also reveals the potential of multiptacking of the developed composite, since
both composite cracking strength and fibers-briggitrength are approximately obtained
and compared to each other. Due to the stress coatien at the edges of the notched

section, however, the crack initiation expecteddour at a lower average tensile stress.

If ultimate crack bridging strength is sufficientlgrger than the stress at the crack
initiation, it can be concluded that both matriddiber-matrixITZ properties are well-
tailored, and a strain hardening PVA reinforced eetitious composite is potentially
achieved. Therefore, only rheological properties coimposite in fresh-state remains
responsible for SHCC tensile strain ductility (tbegpacity of multiple cracking), since it
controls the size of flaws, and the distributiorflafvs and fibers in the specimen.

Dumbbell-shaped specimens, also known as dogedpmoimens, are the most common
shape of the specimens used in characterizing SH@EQsle behavior [28-30]. The

geometrical specifications of these specimens naay depending on the size of the largest
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ingredient of the composite mixture and the adopaeti setup. The configuration of these
types of specimens is designed to promote thepeitracking in the region with the lowest
width, where the specimen elongation is also measWoreover, this configuration avoids
premature failure of the specimen at the vicinitythee gripped-ends, where a high stress
concentration is expected. Hence, a dumbbell-shagptimen assures a safe stress
transition from the specimen’s gripped-ends, tiygore with the wider sections, to the part
of the specimen that multiple cracking is expettedccur (the portion of the specimen with
the lowest width).

Characterizing the tensile behavior of SHCCs usiagbbell-shaped specimens is
particularly of interest since a minimum effort &gecimens’ preparation before their testing
is needed. Nevertheless, it is reasonable to asthahthe fibers orientation and distribution
in such a configuration may not represent thoseeebgal in the casting of the plates with
larger dimensions, e.g. the SHCC plates being uséabrication of HCP. Consequently,
the evaluation of material tensile response caaffeeted by the shape of the specimen and
the casting process.

To minimize this effect, in this research work,dé® specimens are extracted from a
larger plate that the influence of composite flawfibers dispersion and orientation is much
closer to that of the SHCC plates to be used irldewment of HCP. Details on geometry of
the casted plates, casting process and the exirtaeile specimens are presented in the

following section.

4.3.6.1 Preparation of Tensile Specimens

Three plates of 490 mm 500 mmx 20 mm were cast inside the acrylic molds, using
around five liters of the optimized composites jarep with each given W/B contents. For
the casting purpose, a conventional slump conesglatcthe center of the mold was filled
with the composite and slowly lifted up, see Figdr&2. This strategy was adopted to
maintain the similarity in composite pouring foetbasting of all three composite mixtures.
All composites flowed homogenously under their-sedight and, except for C2W25, were
filled the mold up to its corners without the neddany external vibration. In the case of
CW25, however, imposing external vibration to thtetal faces of the mold was inevitable
for its further flow up to filling the corners dfi¢ mold.
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Just after these plates have been cast, they waledswith a plastic sheet and kept in a
room temperature for 24 hours before de-moldingrdter to prevent loss of moisture in the
early age. After de-molding, all the specimens wareed in a constant temperature and
humidity of 20C and 57%, respectively. It should be noted tloatyt the tensile specimens
from the plates, all of them were taken out atdage of 14 days for few hours and, after

cutting, they were cured again in their previoustomled conditions.

Each of the three plates was cut, by using a diahsaw machine, according to the
arrangement represented in Figure 4.13a. From glath, 10 specimens of two different
sizes were extracted. All specimens have a widfOahm, but the specimens 1to 6, and 7
to 10 had a length of 350 mm and 244 mm, respégtive

(@) (b)

Figure 4.12: Casting composite plates: (a) usingmpl cone for casting (b) the self-
compacting composite was spread diagonally mamnihigh homogeneity for the casted
plates (dimensions in mm and the depth of the nsak® mm).

To study the single crack opening behavior a natak executed in each lateral faces at
half of the length of specimens 7 to 10. The geoynef this notch is depicted in
Figure 4.13b. The specimens 1 to 6, without exaguéiny notch, were considered for
characterization of multiple cracking under dirgensile loading. These un-notched

specimens were only prepared and tested if theltipfeucracking potential was approved
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following the results of single crack opening testecuted on their corresponding notched
specimens.

The preparation of un-notched specimens includiegligg their irregular surface to
achieve an almost uniform thickness in the rang&é8# 0.02 mm along the specimens’
length. Metallic plates (end tabs) of 100 mm x 7@ m 1.25 mm were then glued to the
both ends of the specimens to ease their clampidgranimize the risk of specimen sliding

inside the jaws of the wedge grips, while the stiencentrations inside and at the vicinity
of gripped-ends are also avoided.
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Figure 4.13: Details of tensile specimens: (a}icgtpattern of the tensile rectangular
specimens from the plates, and (b) notch geomeinyesions in mm).

As shown in Figure 4.14, two rectified steel platese mounted on an existing press
machine and then the end tabs were aligned andeskatiappropriate positions on top face
of the bottom plate using stainless steel barsughguantity of an adhesive with a moderate
viscosity was poured at the central region of the &bs and finally the SHCC specimens
were placed on these tabs and fixed at their positiThe pressure of the press machine

caused a uniform thickness of the adhesive atritesface between metallic plates and
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SHCC. The same process was repeated to glue théabado the opposite face of the

specimens.

100 , 150 . 100

()

Figure 4.14: Preparation of un-notched tensile isp&as, (a) metallic plates (end tabs)

aligned and fixed at appropriate positions on thes® machine’s bottom-plate and then
adhesive poured at their central region, (b) tersglecimens placed over the end tabs, and
(c) a sample of un-notched SHCC specimen preparetié tensile test and its geometrical

configuration (dimensions in mm).
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4.3.6.2 Adopted Strategy for Tensile Characterinatof Composites

As mentioned before, single crack opening respofsefiber-reinforced cementitious
composite provides straight forward information axeling the tensile strain hardening
potential of a composite.

Despite the un-notched specimens, whose grippidg ehould be treated (e.g., bonding
the end tabs) before testing, there is no needdio ime-consuming preparation in the case
of notched specimens as the highest stress igdedadt the notched section.

This preparation feasibility suggests that testwogched specimens prior to the un-
notched ones is an appropriate alternative to avmie-consuming preparation of those un-
notched specimens without tensile strain hardepotgntial. Thus, un-notched specimens
were only prepared and tested if their strain hairdgpotential was approved based on the
results of tensile test executed on their corredpmnotched specimens

4.3.6.3 Tensile Test Setup

The tests were performed in a servo-controlled nmachquipped with a load-cell of 200
kN. As shown in Figure 4.15, two manual wedge ggpsured the ends portions of the
specimens providing conditions of fixed-ends rotati

The crack opening displacements (COD) and speciralemgation, in the case of the
notched and untouched specimens, respectively,weasured using four LVDTs mounted
in a device that was conceived and built in ordemeasure possible in-plane and out-of-
plane rotations of the specimens (Figure 4.15).

The initial gauge length, measuring the elongatibthe untouched specimens, was 150
mm. Another external LVDT was used to control test toy imposing a displacement rate
of 5um/s to the upper grip. Such a low displacementisatelected to avoid possible effects
of undesirable high strain rate on the tensileasp of the specimens [31-33].

While in the case of un-notched specimens theatastterminated just after entering the
load decay branch, in the case of notched specithertensile loading was continued up to
a COD of 2.5 mm.
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(@) (b)

Figure 4.15: Test setup adopted for the tensilead@rization of composite specimens, (a)
notched specimen, and (b) un-notched specimere:(tio¢ external LVDT used to control
the test is not shown in these figures; and the T¥Ih the case of un-notched specimens

are measuring the elongation of specimens withimiéal gauge length of 150 mm).

4.3.6.4 Tensile Test Results
Notched SpecimensAs it was intended, and as an example showedginr&i4.16, the
fracture surface in all notched specimens, madeliftérent composite mixtures, was

localized at their reduced section, resulting sirgle crack opening.

(@) (b)

Figure 4.16: Fracture surface localized insidertbteehed portion of the specimens used to
characterize single crack opening response ofthmposites (a) front view, and (b) sectional

view of the fractured surface
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The results of tensile tests performed on thesesas are presented in Figure 4.17, in
terms of average fibers-bridging stregsrsus COD along with the upper and lower
envelopes. Stress at each COD is calculated bglidgthe tensile load to the sectional-area
measured at the notched portion.
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Figure 4.17: The envelopes and the average cutvemgle crack opening responses of
notched specimens with W/B of (a) 0.25, (b) 0.3] &) 0.35

The average values corresponding to the stressek titiation(f5;), post cracking
strength(f27), and its crack opening displacem@fi@D?y,) of each tested composite are

indicated in Table 4.8. Moreover, as an indicatorthe tensile strain hardening capacity,
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the ratio of post cracking strength to the stressack initiation(fcz,’;/ fcffl) for each series

of the specimens are calculated and reported itatteolumn of this table.

Table 4.8: The average results of tensile testsodched specimens extracted from the plates
made of different composites

Ww/B o o CODLy, fom/ fém
Label
(%) (MPa) (MPa) (mm) -
C2W25 25 3.03 2.53 0.391 0.83
C4wW30 30 2.64 3.55 0.376 1.34
C2W35 35 2.06 2.60 0.364 1.26

As it can be concluded from Figure 4.17 and algeaténsile strain hardening indicators
(fC’,’Tf/fC% , reported in Table 4.8, with the exception of tleenposite containing W/B of
25%, the other two mixtures exhibited a post-cragkiensile hardening behavior. In the
case of C2W25, a large increasgj, as the consequence of too low water contentbean
mentioned as a possible cause of its post-cratkmglle softening response. Moreover, this
low water content has possibly increased the maitsigk tip toughnesy,;,) and decreased
the fibers-bridging complementary eneigy) to such an extent thaf/J,;, falls below the

unity, hence the strain hardening potential of doisposite mixture is lost.

Comparison of single crack opening responses of 83tevid C2W35 with W/B of 30%
and 35%, respectively, reveals that C4W30 not baly a largeft: /.5, but also possess
a higher £,.¢7 andfP-. In the case of C2W35, as compared to C4W30, Idivers-bridging
strength is most likely associated with a reduceasdication atTZ, due to increased W/B,
which lowered the fibers pull-out frictional bond.

Un-notched Specimendrom analyzing the results of single crack operbegavior of
each of three developed composite mixtures, C4Wa9 mentified as a composite with
post-cracking tensile hardening with the highesttipla cracking potential. Therefore, to
evaluate its tensile strain capacity, three undmedcspecimens extracted from the plate cast
with the same mixture were prepared for tensilértg@dollowing the instruction described
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in section 4.3.6.1. Only specimens numbered 1 sax&rding to numerations presented in

Figure 4.13, were prepared for the tensile charaettgon.

The results of tensile tests, in terms of stresisusstrain for all three specimens,
extracted from the plate cast with C4AW30, are dedin Figure 4.18. The strain, which is
the average value, is calculated by dividing theamelongation measured by the four
LVDTs to the initial gauge length, 150 mm. All terepecimens exhibited a tensile strain
hardening behavior, with a clear diffused multiplacking beyond the initiation of their first

crack, as depicted in Figure 4.19.
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Figure 4.18: Tensile response of the un-notchedisgas extracted from the plate cast with

composite mixture C4W30

Tensile properties of the developed PVA-SHCC initigd the first cracking
strength(f,;, )the ultimate tensile strengtf.;), and the tensile strain capaciyf;,) are
calculated based on the average values obtainesstofg three specimens and reported in
Table 4.9. The coefficient of variation (CoV) ofchaquantity is also indicated in the same
table. A relatively high CoV for botk, andf} is generally expected mainly due to the
randomness in distribution of flaws and fibers, dieérs’ orientation in the SHCCs.
Analyzing the data in Table 4.9 confirms that tegeloped PVA-SHCC marginally assures
properties required for the development of HCP tsetion 4.2).
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#1 #2 #3

Figure 4.19: Diffused multiple cracking in the gaulgngth of the un-notched specimens
prepared with composite mixture C4W30 and subjetrddte tensile loading

Table 4.9: Tensile properties of the developed FSHCC (average of three specimens)

sh fsh Esh
(MPa) (MPa) (mm)
2.75 3.71 154
CoV. (2.6%) (7.8%) (10.5%)

4.3.7 Compressive Strength and Modulus of Elastjcit

Modulus of elasticity and the compressive strengftideveloped PVA-SHCC were
determined following the specifications of LNEC E38993 [34] and EN 12390-3 2009
[35], respectively. The cylindrical specimens, cadth mixture C4W30 as reported in
section 4.3.5, were used for this purpose. Befesarg the top surface of these specimens
were grounded to achieve a flat surface. Accortlintpe results of these tests, the average
values of SHCC’s compressive strength and modulusasticity were 35.2 MPa (CoV:
4.7%) and 18420 MPa (CoV: 3.2%), respectively.
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4.4 Effects of Curing Conditions on Crack BridgingResponse

It is speculated that different curing conditiormuld affect both fiber-matrix interface
properties and matrix toughness. To contribute tfee knowledge in this topic, an
experimental research program was conducted ty $tMA-SHCCs tensile behavior when
this composite is cured under different conditiomse results derived from the fibers-
bridging stressersuscrack opening, along with microscopic photos,.sed to investigate
this effect.

4.4.1 Specimen Configuration and Preparation

Using the composite mixture C4W30, three platesjgiated SL2 to SL4, were cast
similar to what explained in section 4.3.6.1. Feilog the procedure adopted for curing the
plates used for the tensile characterization ofpasite mixtures, after casting, SL2 to SL4
plates were also sealed with a plastic sheet aptikea room temperature for 24 hours
before de-molding. Hereatfter, for the ease of disimn, the composite plate made with the
aim of tensile characterization of mixture C4W38, explained in section 4.3.6.1, is
designated SL1.

Although after de-molding similar to SL1 all theegpmens were cured in a constant
temperature of 20° C, different humidity conditiomere adopted for their rest of curing
process. While SL1 is cured in a climate room wittonstant relative humidity of 57% up
to the age of 28 days, to verify the effect of hditgichange at early age, the SL2 was cured
only up to an age of 8 days at a constant humadi87% and then moved to another climate
room of 85% humidity and cured for 28 days. To fyettie effect of water curing SL3 was
cured in water up to 28 days. Finally, SL4 was dureconstant relative humidity of 85%
for 28 days to verify the effect of curing in higheimidity condition than that adopted for
SL1. Curing conditions of these plates togetheh\8it1 are summarized in Table 4.10.

Similarly to SL1, four tensile specimens, charagest with number 7 to 10 in
Figure 4.13a, were cut from SL2 to SL4. To study ¢ffects of different curing conditions
on single crack opening response of these specjraergch similar to that executed in SL1
series was performed in the mid-length of eachilespecimen (see Figure 4.13b for the
geometrical details of the notched section).
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Table 4.10: Curing details for the PVA-SHCC plates

Plates First 24 hours Up to the Age of 8 days Up to the @g28 days
SL1* Sealed in room temp. 20° C, 57% humidity 20C, 57% humidity
SL2 Sealed in room temp. 20° C, 57% humidity 20C, 85% humidity
SL3 Sealed in room templmmersed in water at 2@€C Immersed in water at 2@C
SL4 Sealed in room temp. 20° C, 85% humidity 20C, 85% humidity

* The plate used for single crack opening charaaton in section 4.3.6.1.

4.4.2 Results of PVA-SHCC Curing Tests
Tests results are discussed in terms of the infe@h the curing conditions on:

 average values fgis,, £ andCODEy,,
- average absorbed energy ugaD = 2.5mm(G#°),
+ average absorbed energy ugf@D?;, (G}’),

« average absorbed energy in the post peak reginte ©pD = 2.5 mm(G}’p),
and

» the fibers-bridging stiffness (the slope of the g#haetween crack initiation and
CODEY);
As illustrated in Figure 4.20, absorbed energiescatculated by integrating the area under
the curves of fibers-bridging stressrsuscrack opening displacemer@@D) up to pre-
specifiedCODs.

The average and envelope of the fibers-bridgingsstrersuscrack opening responses
of the four specimens, except SL4, are present&igure 4.21. The results related to SL4
include only three specimens.

For the comparison purpose, the results derived fibers-bridging stresgersuscrack
opening responses are indicated in Table 4.11 epsented graphically in Figure 4.22.
Moreover, the average response of fibers-bridgiressversusCOD and also the evolution
of the energy absorption during crack opening ftfetent specimens are depicted in Figures
4.23a and 4.23b, respectively.
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Figure 4.20: Idealized fibers-bridging stresssuscrack opening response, and meaning of
the determined parameters
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Figure 4.21. The average and the envelope restlibars-bridging stressersuscrack
opening displacement (COD) for specimens SL1to SL4
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Table 4.11. Data obtained from average of fiberdgimg stresyersusCOD for specimens
SL1 to SL4.

Specimen £, CcOoDPF¢ be GF® Gf GfP
- (MPa) (mm) (MPa) (N/mm) (N/mm) (N/mm)
SL1 2.64 0.376 3.55 3.343 1.213 2.130
SL2 2.73 0.341 3.46 3.741 1.053 2.688
SL3 2.74 0.247 2.92 3.127 0.682 2.445
SL4 2.63 0.250 3.47 2.666 0.670 1.996

According to the data in Table 4.11 and Figure Al22 stress at cracking initiatiofys;,,
for all the specimens has almost the same valaegling from 2.63 MPa to 2.74 MPa
corresponding to SL4 and SL3, respectively. Theimar bridging stress,2*, for SL1,
SL2 and SL4 is almost close to 3.5 MPa, while aictidn about 20% was registered in the
SL3 that was cured in water. However, the cracknaygatft: (CODE;,) increases in the
following sequence: SL4, SL3, SL2 and SL1.

As shown in Figure 4.23a, the smali# D!’ along with highflS, presented by SL4,
provided the highest bridging stiffness in the leaidg branch when compared to the other
specimens. Despite relatively smawDZE;, the SL3 has presented the lowest bridging
stiffness due to its smallgf-. Figure 4.23a indicates that SL1 and SL2 havealstidging
stiffness similar to that of SL4. Furthermore, adaag to this figure, the SL4 has presented
the highest tensile stress decay during the past-peaftening phase, while the opposite was
observed in the SL2.

Photos of the fibers in fracture surface with amomagnitude of 400X, Figure 4.24,
suggest that, although a significant number ofrlof SL1, SL2 and SL4 have ruptured in
a pencil head shape, the majority of the fiberSIo8 seems to have been pulled out. Also
the shorter pulled out length for a number of thers in the fracture section of SL4, when
compared to the other specimens, is in full agreemith its smallelCODE?, and with the
higher bridging stiffness in the hardening regirsee(Figure 4.25). This can be justified by
the stronger fiber-matrix interface bond. The mabeupt softening branch in the SL4 is
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perhaps due to the rupture of the most of the dierhardening branch. However, these
conclusions have to be further substantiated vdthtenal study.
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Figure 4.23: Results of the specimens tested wuthitferent curing conditions in terms of
crack opening displacemeversus(a) fibers-bridging stress, and (b) absorbed gnerg
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Figure 4.24: Fiber failure modes at the fracturectisn of the specimens (zoom magnitude:
400X).

Figure 4.25: Photos of the fibers bridging thetinaed surfaces of typical specimens of the
tested plates (zoom magnitude: 200X).
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In terms ofG]?'5, SL2 and SL4 have presented the highest and thestovalue, 3.74

N/mm and 2.67 N/mm, respectively, see Table 4.1d Figure 4.22. Moreover, it can be
seen that SL1 and SL2 have absorbed the highestirgnod energy correspondingd?g?

andGf”, respectively.

Referring to the Figure 4.23b, SL1, SL2 and SL4ehi#e same evolution for the energy
absorption up to a crack opening around 400 pnittl@ above theCODE?). Although the
potential of energy absorption for SL3 is lowerrtt&l 4 for tighter cracks, after a COD =
750 um the SL3 has much higher rate for energyrakiea.

4.4.3 Discussion on the Effect of Different CurinQonditions

Following the above mentioned results, it can bectaled that the stress at crack
initiation apparently is not affected by curing dions. Up to a crack width of around 300
pm, which is the maximum allowed by design stansléod reinforced concrete structures,
all the specimens have, in general, presentedsdidestrain hardening phase. However, the
water cured specimens demonstrate the lowest @eeile strength, and, therefore, the
lowest stiffness in this hardening phase.

The specimens cured at higher humidity show thdlestarack width at the peak tensile
strength and the lowest energy absorbed in théul@grocess up to a crack width of 2.5
mm. Therefore, the high humidity curing conditiseem to enhance the durability since
cracks of smaller width can be obtained duringgtrain hardening phase. However, the
high humidity curing conditions seem to have a ideintal effect in terms of energy
absorption capacity that might have been causdatiéoyupture of a large number of fibers
in consequence of the highest stiffness in thanstrardening phase of this composite.
Curing in lower humidity at the early ages (8 dagsil then under the higher humidity up
to 28 days, resulted in higher energy absorptiotowgpcrack opening of 2.5 mm.

It is speculated that the fibers-matrix chemicaltb@and the use of relatively high volume
fraction of fly ash are the main reasons for thghHevel of sensitivity of PVA-SHCCs
tensile response to the curing conditions. Flyrasttonly affects the fibers-matrix chemical
bond due to its reaction with cement by-produttshanges the densification IafZ. This
may also lead to a change in the slip-hardeningamese of the pulled out fibers.
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4.5 Assessment of HCP Effectiveness for the Strehghing of Shear-
Critical Short-Span RC Beams

According to the specifications of ACI318-14 [36gams with any of the following
conditions are categorized as short (or deep) beams

() with a clear spariL;) not exceeding four times the overall section de€pi)) ,
(LS/hb S 4)1

(i) with a shear spafu) to the overall section depth;) less than twola/h;, < 2);

Transfer girders, shear walls in high-rise buildirgnd offshore structures, and wall
footings are examples of deep beams designedrsférathe loads of a column or series of
them to the supporting elements. Contrary to slebdams that the assumption of a linear
strain distribution along the depth of the beaneath cross section is validated by the
hypothesis of “plane section remains plane afterdbey”, in the case of deep beams the
strain distribution is rather more nonlinear anchpdex.

As shown in Figure 4.26, in deep beams, the commestruts formed between the
loading and supporting regions, tension ties (bbattom longitudinal reinforcement), and
nodal zones (the intersections of the struts waitheother and with ties), constitute a truss
mechanism, also known as strut and tie mechanisa résist the external load. In such a
mechanism, volume dilation of the compressive stan#tuses orthogonal tensile stresses,
which may result in cracking of these struts. Adaag to literature, “shear-compression”
and “shear-tension” are the most common failure @soabserved in experimental testing

executed on deep beams.

“Shear-compression” failure is characterized witma@or diagonal crack formed along
the compressive strut in the shear spans. Pewetrati this diagonal crack into the
compressive block of the loaded region causes etmspalling, thus the failure of the beam
(see Figure 4.27a). This mode of failure typicaltgurs in beams with a very low shear span
to depth ratio (typically below 1.5).

“Shear-tension” failure is associated with the lmsthe bond/anchorage of longitudinal
tension rebars due to horizontal propagation of emosdary crack along these
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reinforcements. This secondary crack descends fin@nclosest shear-flexural crack to the
supported ends of the beam. Sliding of the tensbiars promotes widening of the major
inclined crack with its progress towards the loacegon. Penetration of this crack into the
compressive block may result in concrete spallirgow the loaded region (see
Figure 4.27Db).

Crushing of web concrete is another failure modeeoked in deep beams with a very
low shear span to depth ratio (typically below 1HQwever, for deep beams with sufficient

shear capacity, a flexural failure is expecteddou.

Forc
Rottle-shaped l
strut _—Nodal zone
' 5 _— ldealized
prismatic
strut
/ Vd /,/ S \\\ \\
= V4 /-/’X(— Width of strut k\\\\q
f Tie—/ f

Figure 4.26: Strut and tie mechanism of load transgi a deep beam (recreated from
ACI318-14 [36])

J\tLF IF
ASRDARN

@) (b)

Figure 4.27. The most common failure modes obselnedieep beams, (a) shear-

compression, and (b) shear-tension

It is then essential to provide the deep beams wih reinforcements, horizontal and
transvers bars, to sustain further tensile stredsesloped orthogonal to the direction of the

cracked strut; to enhance the beam’s shear capawityo improve its ductility. This is the
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restraining effect of web reinforcements that deldye advances of crack tips and results in
a more ductile failure mode rather than the expé&ilure observed in deep beams without

web reinforcement.

With the aim of preliminary assessment of the psgoo HCPs, effectiveness of
retrofitting deeps beams without web reinforcemerstudied. Shear deficient deep beams
are selected since HCPs attached to their latacagisfare not only expected to delay the
initiation of diagonal cracks but also to act aswreb reinforcement for sustaining the tensile
stresses in orthogonal plane of diagonal crackseMeer, lateral confinement provided by
the HCPs attached by a combination of chemical arscand adhesive, mainly since the
anchors are post-tensioned, can possibly underinéadverse effect of triaxial stress state
in compressive resistance of the diagonal strutés Tonfinement is also expected to

delay/prevent possible sliding of longitudinal temssteel bars.

Finally, the SHCC, as one of the constituents oPHigas sufficient compressive strength
to contribute in shear transfer mechanism betwbenstipported and loaded point of the
short-beam through the diagonal compressive struts.

4.5.1 Details of Beams and Retrofitting Elements

Eight similar reinforced concrete (RC) beams withehsions of 600 mm x 150 mm X
150 mm were fabricated. As depicted in Figure 4t28,longitudinal steel reinforcements

placed at the bottom and top of the beams consitgd10 mm and 26 mm, respectively.

These beams had only two steel stirrups in th@adent of the beam’s supports, which were
used to maintain the longitudinal steel rebardeirttarget positions.

One of these beams was considered as un-retrafiifecence specimen, hence tested in
its as-built condition (beam “CB”). The remainingdms were retrofitted by attaching either
CFRP sheet, SHCC plate, H&Por HCHY, to each of their lateral faces. The beam
strengthened with CFRP sheet (beam “BFU_A") wa® alensidered as a reference

specimen, but retrofitted one.

In the case of retrofitting with either SHCC plat#CFS or HCHY, the influence of
attaching system, a combination of adhesive anchiag anchorsersusadhesive only, on
the beams global behavior was investigated. Todhd, taking into account the method
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used to connect the retrofitting plates to the kedhese retrofitted beams were categorized

in two groups:

» group | consisted of those beams with their rettin§ plates attached only by

means of adhesive, and

» group Il composed of beams with the their retrofgtplates attached by means

of a combination of adhesive and chemical anchors;

Details of the retrofitted beams studied in thipenmental program, including their
designation, strengthening element and the corareatiopted to attach it, are presented in
Table 4.12 and Figure 4.29.

Force

As. & 206
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— : § (///
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Figure 4.28: Geometry and reinforcement arrangesnehtoncrete beams (dimensions in

mm)

Table 4.12: Details of beams and the strengtheteicigniques

Beam category Designation Strengthening techniquattaching system
CB N/A N/A

Reference beams
BFU_A 1 layer of l-shape CFR Adhesive
BS_A SHCC plat

Group | of the ) .

retrofitted beams BHSEA HCF® Adhesive
BHL_A HCP®)
BS_AB SHCC plate

Group Il of the ) Adhesive & Chemical

retrofitted beams BHS_AB HCF® anchors
BHL_AB HCP®L
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U-shaped CFRP sheet
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Figure 4.29: Details of the retrofitted beams t(e) reference beam BFU_A and the beams
in group |, and (b) the beams in group Il
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Details of the strengthening plates used in thislstare illustrated in Figure 4.30. The
SHCC plates were cut from larger plates cast viighrhix composition C4W30 inside the
molds with the dimensions showed in Figure 4.12] adopting the same SHCC mix
preparation, casting and curing procedure detailegction 4.3.6.1.

These cut plates were then grounded to achievef@arnmthickness of about 18 + 0.02
mm. Therefore, taking into account the retrofittisghemes of the beams presented in
Figure 4.29, all SHCC plates, utilized either indually (see Figure 4.30a) or as a
constituent of HCPs (see Figures 4.3b and 4.3cdimdnsions of 500 mm x 150 mm x 18

mm.

As depicted in Figure 4.30b, HEPplates were prepared by bonding a single-ply
unidirectional carbon fabric to the grounded fatdhe SHCC plates. The fabrics were
bonded using epoxy adhesive with their main origmaalong the width of the SHCC plate.
Due to the width limitation of the carbon fabriaja side-by-side layers of 250 mm wide
carbon fabrics were bonded to cover the entiretteafithe SHCC plate. Fabrication process
of HCP® followed adopting a wet layup [37] bonding process

i. carbon fabric and grounded face of the SHCC wetaraad using a low
viscosity adhesive (S&P Resin Epoxy 55),

il.  saturated carbon fabric was placed on the SHC@midnd a roller was passed
to force the air bubbles out,

ili.  acuring process of seven days in the laboratoviyamment was adopted, and

iv. finally, the glassy surface of the hardened ep@smrwas slightly roughened
aiming to improve its bonding quality to the intaé adhesive used to attach
HCP®) to the concrete substrate;

According to the details showed in Figure 4.30c,A40was composed of eight CFRP
laminates bonded into the pre-sawn grooves of HEG plate following NSM technique
[37] procedure:

I.  grooves with a width and depth of 3 mm and 11 nespectively, were cut on
the grounded face of the SHCC,
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il. compressed air was applied to the SHCC groovesdardo clean them from
debris and dust,

iii.  grooves were filled by a viscose adhesive (S&P iREgioxy 220). Thin layers
of the same type of adhesive were also appliedth@éocteaned surfaces of the
CFRP laminates,

iv. CFRP laminates were placed inside the grooves asphiula was passed and
pressed to removed trapped air bubbles and tdfthis adhesive surface, and

v. finally, seven days of curing procedure in the laary environment was
adopted;

One ply of unidirectional
CFRP sheet

%
)

.
]

SHCC plate

(@) (b)

/"’ CPRfOI)ﬁnjlmate \\\ E: ‘/‘// 2 }
K * Adhesive \\‘ "\ { ,\" //
- ‘/ \\\ ,'7—’ [

_________

A\

/"
SHCC plate

. CFRP laminate bonded inside the
groove (NSM technique)

(©)

Figure 4.30: Details of the strengthening plata3SHCC plate, (ICP®, and (c) HCPY
(dimensions in mm)
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For those plates whose their connection systemhéo RC beam composed of a
combination of adhesive and chemical anchors (8imdiameter), positions of the holes
were marked and then perforation was executed asahrgl bit of 10 mm in diameter (see
for example Figure 4.31).

(@)

Figure 4.31: Perforated HEP (a) the face with bonded CFRP sheet, and (b) seghéace

4.5.2 Procedure of Attaching Retrofitting Elements

To enhance the bond quality at the interface oéffaxy adhesive and concrete substrate,
the lateral faces of the RC beams to be retrofitede sand-blasted to remove 1 mm to 2
mm of cement paste and to partially expose theeggdes. This procedure was applied also
to the bottom face of the RC beams selected fosttleagthening of U-shaped CFRP (beam
BFU_A).

In the case of BFU_A, see Table 4.12 and Figur@,4#o side-by-side layers of a ply
of 250 mm width carbon fabric was bonded to ther&dtand bottom faces of the RC beam
adopting a wet layup procedure and using a lowogisg adhesive (S&P 220 Resin Epoxy).
Following specifications of ACI 440.2R-08 [37], barh longitudinal corners of the beam
should be rounded to a radius of at least 13 mm thed smoothed to avoid stress
concentrations in the CFRP system and accumulafiair voids. Hence, during casting the
beam considered for the strengthening with the &psd CFRP sheet, wooden bars with
filleted cross-sections were placed at the intexaners of the mold along its length in order
to ease the need of further grounding. Carbon dabsiere bonded with their filaments
orthogonal to the longitudinal axis of the beam.

As mentioned before, the retrofitting plates ofrnedBS_A, BHS_A and BHL_A (group
| retrofitted beams in Table 4.12) were bondechw lateral faces of their corresponding
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beams using a viscose adhesive (S&P Resin EpoXyB&fbre bonding these plates, epoxy
adhesive was spread on the lateral faces of thm$¥aad contact-face of the strengthening
plates (the CFRP reinforced face in the case of ld@Pthe grounded face in the case of
plain SHCC plate). Once the plates were placetiet positions, C-clamps were installed
and tightened slowly to force flowing of adhesiveteen the contact surfaces. The
retrofitting plates were maintained in their targesitions with the pressure of these clamps
up to a partial curing of adhesive, when the clampse removed.

In the case of beams where a combination of adlesid chemical anchors was used to
attach their retrofitting plates, BS_AB, BHS_AB aBHL_AB (group Il retrofitted beams
in Table 4.12), initially each perforated plate walsced on the lateral face of its
corresponding beam and then the positions of tHeshaere mapped on this concrete

surface.

According to the instruction of Hilti® for the irdtation of chemical anchors,
perforations were executed using a drill bit ofrifh in diameter and with a depth of 65
mm. After cleaning the holes, using compressedtaary were injected with a fast curing
chemical adhesive to approximately fill two-thirofstheir depth. Once the 8 mm diameter
anchors were placed inside the holes, the exceadivesive was cleaned and anchors were
left untouched until the initial curing time of thedhesive was reached (a few minutes
depending on environmental conditions). Afterwattte viscose adhesive (S&P Resin
Epoxy 220) was spread on the contact-faces ofdhiefitting plates and the beam. After
placing the retrofitting plates at their positioors the beam and inserting washers, the nuts
were smoothly fastened to force the epoxy adhdeweng and filling uniformly the entire
contact surfaces of the retrofitting plates andah@m. Post-tensioning forces using a torque
of 20 Nith was applied to the anchor rods only after thangyseriod of epoxy adhesive was
passed. To assure that the bonding adhesive atasmmaximum mechanical properties, a
curing period of at least seven days was consideefdre testing any of the retrofitted

beams.
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4.5.3 Material Properties

4.5.3.1 Concrete

Ready-mix concrete was used to cast RC beamsdgr ¢ obtain the mean values of
modulus of elasticitE.) and the compressive strendifi?) of the concrete used for
casting the beams, five cylinders of 150 mm in ditenand 300 mm in depth were tested
at the age of 90 days (prior testing the beambBywiong the specifications of LNEC E397-
1993 [34] and EN 12390-3-2009 [35], respectivelgcérding to the results of these tests,
E. andf.* were 28.3 GPa and 38.2 MPa, respectively.

4.5.3.2 Steel Rebars
Properties of the longitudinal rebars were deteethiny means of tensile tests according
to the procedure recommended in ISO 15630-1-208)0 [3

From the results of the tests executed on fourises of 10 mm diameter steel rebars,
the average values of 532 MPa, 660 MPa and 195/@Readetermined as the yield strength,
ultimate strength, and modulus of elasticity ofsi@reinforcements, respectively.

Following the results of tensile tests on four 8 iameter steel rebars, the beams
compressive reinforcements, average values of 423,20 MPa and 193 GPa for the yield
strength, ultimate strength, and modulus of elaégtiof these compressive rebars were
obtained, respectively.

4.5.3.3 PVA-SHCC

Composite mixture C4W 30, with the fresh state proge presented in Table 4.7, was
used to cast casting the SHCC plates. Tensile amgessive properties of this PVA-SHCC
can be found in Table 4.9 and sections 4.3.6 aB\d ,4espectively.

4.5.3.4 Epoxy Adhesives

From uniaxial tensile tests carried out accordmghie recommendations of ISO 527-
2:2012 [39] on six dumbbell-shaped S&P 220 eposynreured for seven days, an average
tensile strength of 18 MPa and average moduluasfieity of 6.8 GPa were obtained.

According to the supplier, S&P 50 epoxy resin depsla tensile strength of 35.8 MPa
and a modulus of elasticity around 2.6 GPa at ¢jeecd 14 days.
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4.5.3.5 CFRP

Figure 4.32 shows photos of CFRP materials usethig research work. Tensile
properties of CFRP laminate (S&P laminate CFK 1800 with a cross section of 1.4 mm
x 10 mm were characterized following the procedymegposed in ISO 527-5:2009 [40].
From the tests executed on six coupons, averagevafl 2647 MPa, 1.6% and 165.7 GPa
were obtained for the tensile strength, strain BRE rupture and modulus of elasticity,
respectively.

The commercial name of the utilized carbon fal®iS&P C-Sheet 240. According to
the supplier, this fabric possesses a tensile ysungdulus of 240 GPa, a nominal tensile
strength of 3800 MPa, a design thickness (fibeghtedivided by density) of 0.176 mm,
and an elongation at rupture of 1.55%.

@) (b)

Figure 4.32: Photos of CFRP materials used inrdgsarch work, (a) S&P laminates CFK
150/2000 (cut from a roll of 150 m), and (b) carlfaloric S&P C-Sheet 240

4.5.3.6 Chemical Anchors

As depicted in Figure 4.33, the Hitchemical anchor system was composed of a fast
curing resin HIT-HY 200A and steel anchor rods @@ in diameter with specification of
HIT-V-5.8 M8X110. According to the classificatioithe ASTM steel grades, a notation of
5.8 indicates steel with characteristic tensilddys&rength of 400 MPa and a characteristic
ultimate tensile strength of 500 MPa. The totagtnof 8 mm diameter anchor rod is 110
mm. Based on the technical datasheets providethdoynanufacturer, an average ultimate
tensile load and shear load of 18.9 kN and 9.5skékpected for these anchor rods.
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Figure 4.33: Typical image of Hitichemical anchor system

4.5.4 Bending Test Setup and Instrumentations

All beams were subjected to three point bendingaed the results of these tests were
used to discuss the efficiency of the adopted shst@ngthening provided by the

strengthening systems. Figure 4.34 shows the sétilpe three point beam flexural test.

The supports were placed 50 mm far from the extresnof the beams. The load was
applied using an actuator with a 150 kN load caetiated at the mid span of the beam,
thereforea /h;, was 1.67.

SRS Hydraulic jack

/
Retrofitting plate Metallic bar
LVDT \;1 to hold LVDTs
\‘ / RC beam
N /
o
0 v f
- > Pin
connection

/50, 125 | 125 , 125 | 125 |50,

Figure 4.34: Details of the three point beam begtist setup (dimensions in mm)

Before installing the measuring instruments onldbem, the exposed surfaces of the
SHCCs was painted using a concrete varnish toititeilvisualization of the micro-cracks
after spraying this surface by a penetrating liquid

An LVDT was used to measure the deflection of tharb. This LVDT was attached to
a metal bar fixed at mid-height of the beam inalignment of its supports, in order to assure
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that the LVDT only measures the deflection of tkarn. Another external LVDT was fixed
to the body of hydraulic jack and was used to @ititie test loading conditions by imposing
a displacement rate ofin/s to the piston of the jack.

As illustrated in Figure 4.35, two LVDTs (D1 and )D&ach installed in one of the shear
spans, were used to measure the diagonal elongadiosed by shearing and cracking in
these regions. Moreover, a strain gauge “SG” waxla¢d to the mid-length of the middle

rebar in each beam to measure strain in tensiarset the mid-span.

{L, 3 ~
@) N a
@ \N SG O i D

78, 104 , 136 , 104 , 78,

£ +* * * * *

L 250 , 250 '

Figure 4.35: Instrumentations installed on the beenmeasure diagonal elongations in each
shear span (LVDTs “D1” and “D2”) and strain in lotoglinal rebars (strain gauge “SG”)

4.5.5 Test Results and Discussions

4.5.5.1 Crack Pattern and Failure Modes

Crack pattern and damages of the beams at thefeéhd testing are depicted in Figures
4.36 to 4.38. It should be noted that during amer & sting groups | and Il retrofitted beams,
a penetrating liquid was sprayed on the exposeth@rof the strengthening plates.
According to this technique, since the un-crackegions of the strengthening plate are
protected by painted varnish, the sprayed liquidep@tes only into the mirco-cracks and
highlights them. With the exception of beam BFU hattits cracking was not visible due to
its lateral faces being covered by CFRP sheefirgste@bserved crack in all the other beams
was a flexural crack formed at the beam’s mid-sganllowing the failure modes of the
specimens are discussed.
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Figure 4.36: Crack pattern of beam CB at the entietest

(Front view)

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

(Back view)

Figure 4.37: Views of failure in beam BFU_A at thed of the test (left figure shows
debonding of U-shaped CFRP sheet and the rightoghase presenting the front and back
views of beams where major diagonal crack is deezi)

Beams CB, BS_A and BS_ABhear-tension” failure occurred in all these bsaithis
failure mode caused with an inclined crack localiaeone of the beam’s shear span. In the
case of beam CB, the diagonal crack emerged amitlelepth of the beam and rapidly
propagated towards the loading point and the cdlosggported region (see Figure 4.36).
This crack, after intersecting the longitudinalaebat the vicinity of the beam’s supporting
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region, propagated horizontally at the level oktheebars and caused cracking of concrete
at their hooked anchored end. Following the slidih¢gension steel rebars, the upper tip of
this crack penetrated into the top compressivekbdddhe loaded region, which caused the
beam failure. As shown in Figure 4.38, the majagdinal crack in the case of BS_A and
BS_AB, however, was composed of the inclined péara dlexural-shear crack and an
inclined secondary crack descended from the lowasrgd this flexural-shear crack. The tips
of this major diagonal crack progressed towardddhding and supporting regions. Once
tension rebars were intersected with diagonal ¢raickilar to CB, sliding of these rebars
caused increasing in crack width and penetratingratk’s upper tip into the compressive
block at the loaded region. In the case of botthese beams, advancing at the tips of the
major diagonal crack was much slower than that meskein beam CB. Moreover, as
indicated in the close-up view of critical sheaaspf these beams in Figure 4.39, in the
case of beam BS_AB, a band of cracks around therrd@gonal crack was observed, which
didn’t occur in BS_A.

Beam BFU_Aa premature debonding of CFRP sheet, originatédealeft top parts of
the beam, see Figure 4.37, resulted in an unsaableapid propagation of the shear-tension
crack, formed in the left shear span of this bezausing its failure.

Beams BHL_A, BHL_AB, BHS_A and BHS_t#hBse beams failed similarly with a wide
flexural crack formed at their mid-span. Wideninytlois crack was together with the
initiation and propagating of longitudinal spliticracks observed at the bottom face of the
beams (see Figure 4.38), resulting in sliding ofltudinal tension rebars and cracking of
concrete at the anchored region of these rebarallfifurther progress of this flexural crack
towards the beam’s compressive block promoted ergsif concrete and SHCC at the top
of each of these beams. It is worth mentioning tlespite the emerging of inclined cracks
in these beams, the HCPs were capable of restgathigir unstable propagation; hence
altering shear-tension failure mode observed irother beams to the flexural failure. Visual
inspection of the specimens at the end of theimigsevealed that the debonding of HCP
from the concrete substrate occurred only in tlse cd BHS A (see the magnified bottom
view of this beam in Figure 4.40).
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Front view Bottom view

BHL_AB

BHS_A

BHS_AB

Figure 4.38: Front and bottom views of the failofegroups | and Il retrofitted beams (see
Table 4.12 and Figure 4.29 for the details of tHesams) - The varnished surface of the
strengthening plate were sprayed with a penetréitingl to highlight the cracks
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(a) (b)
Figure 4.39: Close-up views of the major diagomatk caused the failure of the beam (a)
BS_A, and (b) BS_AB (arrows are indicating the bahdracks)

Splitting Cracks
RC beam

Figure 4.40: Close-up view of the bottom of the¢ &fear span of beam BHS_A, where de-
bonding of HCK®) was observed (see the region inside the elliptbalpes)

4.5.5.2 Force versus Deflection Response

Figure 4.41a depicts the foreersusmid-span deflection of the reference beams (CB
and BFU_A) and the retrofitted beams in group | (BSBHL_A and BHS_A). The
corresponding results of retrofitted beams in grbyBS_AB, BHL_AB and BHS_AB) are
presented in Figure 4.41b. The results of beangsaop | are repeated again in this figure
to facilitate discussion on comparison of thesaigsoand verify the influence of chemical
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anchors on the force-deflection response of thefiged beams. Moreover, forogersus
strain in tension rebars, measured by the straigeyattached to the mid-length of the middle
tension rebar, for all beams are depicted in Figu4@. The vertical dashed line in this figure
refers to the average yield stra(iasyt = 0.0027) of longitudinal tension reinforcements

obtained in tensile characterization of 10 mm dieameebars (see 4.5.3.2).

A summary of the results extracted from the aboveimeed figures along with the
failure modes of each beam is indicated in Talll8.4These data composed of the force and
mid-span deflection at the yield of tension stesish{, andg, ), if applicable, and at the
peak force of the beamg,(andé,,), also the strain at tension rebars corresponaipgak
force (Z,). Furthermore, with the exception of beam BFU_4,fisrce corresponding to the
onset of the first crackr(,.), observed during testing of each beam, is alported in this
table. The deflection ductilitus) of the beams, those with their longitudinal relyéedded,

are calculated and mentioned in this table as Wwellally, in Table 4.13, the percentage

change inf,., F,,

F,, andugs respecting to corresponding value of the referdrezan (CB
or BFU_A) are calculated and indicated betweenmiheses within the same cell of the

parameter.

Following, the data of this table and the above-meed figures are used to discuss the
effectiveness of retrofitting shear-critical shBE beams using the adopted techniques.

Force at the Initiation of the first flexural crack(F..): according to the data in
Table 4.13, adhesively bonded plates (SHCCs or H@&Pthe lateral faces of the beams
(retrofitted beams in group 1) resulted in an idse in F,,. ranging from 67% (BHL_A) to
85% (BS_A). Adding chemical anchors to the attaglsiystem, however, adversely affected
the gain inF,,.. In the case of these beams (group Il retrofiiedms), the increase ij.
was between 11% (BHL_AB) and 18% (BHS_AB) lowernthihat obtained in their
counterpart beam in group | (the beam with itsgeattached only by means of adhesive).
The reduction in cross-sectional area of beamieatrtid-span, due to the presence of the
perforated hole, and presence of some pre-existiggo-cracks are perhaps rational
explanations for this adverse effect.
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Figure 4.41: Forcers mid-span deflection curves of (a) reference beant retrofitted
beams in group |, and (b) retrofitted beams in geouand I
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Figure 4.42: Forces.strain in tension steel bars at the mid-span afiize

Table 4.13: Results obtained from the analysiheftested beams

FCT 63/ Fy 6m Fm Sp ﬂé‘ .
Categor Beam st Failure mode
9o (kN) (mm) (kN) (mm) (kN) (%)
21 N/A  N/A 057 598 014 N/A _
CB 5 shear-tension
Reference (Ref.) (Ref.) -
beams N/A 1.87 121.3 206 125502 1.10 .
BFU_A FRP debonding
- (Ref) (110%) (Ref.)
39 N/A  NA 161 1043 0.20 N/A
» shear-tension
(86%)° (74%)
Group | 35 216 1316 249 13490.3¢F 115
retrofitted BHL_A flexural
beams (67%) (8.5%) (126%) (4.7%)
38 1.43 1198 224 1295048 157
BHS A flexural
(81%) (-1.2%) (117%) (42.2%)
33 N/A  N/A 154 1147 01 NA .
BS AB shear-tension
(57%) (92%)
Group Il 31 147 1270 188 130703 1.28
retrofitted BHL_AB flexural
beams (48%) (4.5%) (119%) (16.1%)
31 272 1279 b 1.90
BHS_AB 143 1198 NIA flexural
(48%) (-1.2%) (114%) (73.2%)

a) Values in parentheses are the change of eadturee@specting to the corresponding value ofaference specimen.
The reference specimen for this calculation is ipdowith “(Ref.)” in each column.

b) Taken equal to the yield deflection of BHL_Agdke explanation presented abBuands,, of this beam in current
section.

c) Tension bars yieldefe?, > €2,).
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Force and deflection at the yield of longitudinasion rebar{F,, and §,): according
to Figure 4.42, only tension rebars of the beami®fited with U-shaped CFRP sheet,
HCPUL or HCPF® have yielded. Reading the deflection corresponttirte yield of tension
rebars(8,) from Figure 4.42, corresponding yield log§,) for each beam was found and
together withd,, reported in Table 4.13.

In the case of beam BHS_AB, due to a technicallpropdata corresponding to the yield
of this beam is not available. However, very simitead-deflection responses of BHS A
and BHS_AB in Figure 4.41b, at least up to the mmaxn load carrying capacity of BHS A,
suggests that the yield deflection of BHS_A canabsumed as an upper limit i@y of
BHS_AB. Thus, in Table 4.13 value Bf andé,, for beam BHS_AB are assumed similar to
that of BHS_A.

In Table 4.13, values between parentheses mentiwiteth the same column &, are

the percentage change in the yield load of each st@Rgthened beam, with BFU_A as the
reference beam. Comparisonfpfof HCP retrofitted beams with the correspondiniyea

of beam BFU_A reveals a negligible influence of HGRrsus U-shaped CFRP sheet on the
beam’s yield load (between -1.2% to 8.5%).

The displacement corresponding to the yield loadawh beamyj,, is used to evaluate

its deflection ductility index, which is discusskuither in this section.

Peak force and its corresponding deflecti¢F,, andé,,): all the strengthened beams
presented a load carrying capacity much higher tharctontrol beam CB. This increase in
the case of bonding plain SHCC plates to the Ibtaces of the beam (beam BS_A) was
74%. A further increase of 18% was obtained wheenobal anchors were added to the
connection system of SHCC plates (beam BS_AB).

While none of the strengthening alternatives basedttaching plain SHCC plates could
sufficiently enhancé;,, to a comparable level of the load carrying capaolbtained by
bonding one layer of U-shaped CFRP sheet (beam BElall beams strengthened with
HCP resulted in a peak load higher than BFU_A. Hmwgeflexural failure of HCP
strengthened beams prevented developing the fedirgtrengthening potential of the HCPs.
Consequently, in comparison wiily of BFU_A, the largest increase in the load cagyin
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capacity of the HCP strengthened beams was linat@b%, which was the case of BHL _A.
This beam reached to & of 127.9 kN which is 119% larger than that of be@aB

Adding chemical anchors to the connection systeth®HCP bonded beams resulted
only in a negligible change if,,. This low contribution of chemical anchors Ay is
associated with the flexural failure of HCP stréregted beams. This failure mode limited
the developed shear forces below the one that aoitilite debonding and sliding of HCPs;
a phenomenon which activates anchors for sheasstransfer mechanism between the

strengthening plates and the beam.

The displacements corresponding to the peak l@gdseported in Table 4.13 are used

to calculate the deflection ductility index of theams, which is discussed below.

Deflection ductility (ug): the capacity of beams to undergo plastic defoonmaieyond
yield of their tension rebars, and up to a deftactorresponding té,, or slight decrease in
E, (less than 15%) is generally defined as deflectiontility (us). In the case of current
beamsy is calculated a8, /6, and reported in Table 4.13. Following the deforitodfs,

it is obviously calculated only for those beamshwiiteir tension rebars yielded (beams
BFU_A, BHL_A, BHL_AB, BHS_A and BHS_AB).

For the sake of comparison, the percentage chandeflection ductility of each HCP
strengthened beams is calculated taking the bedth BRas the reference specimen. These
values are reported between parentheses withirsah® column ofis in Table 4.13.
According to these data, as compared to retragjitiased on bonding U-shaped CFRP sheet
(beam BFU_A), the shear strengthening of beamsdmns of attaching HCPs improved the
beams deflection ductility, but with different sesl The lowest enhancemen(4.7%)
belongs to BHL_A, which is a consequence of premeasliding of tension longitudinal
rebars (see discussions regarding the effectivesfedsemical anchors in section 4.5.5.3).
Adding post-tensioned chemical anchors (beam BHL), ABwever, led to a larger increase
in ug, being 16% higher than corresponding value of B&U_

Both HCP® strengthened beams have presented hjgh#ran beams strengthened with

HCPUY. The beam BHS_AB showed the largest deflectionilityavith an increase of 73%,
as compared to that of BFU_A.df of beam BHS_AB is compared to that of BHS A, it
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can be found that adding chemical anchors resuitad increase of 21% in the deflection
ductility.

4.5.5.3 Contribution of Chemical Anchors

From the constructional point of view, presenceanthors not only facilitates the
installation process of the strengthening platasaltso their fastening pressure contributes
in improving the flow of viscose epoxy adhesivehat interface of the strengthening plate
and beam. Hence, adding chemical anchors to theection system of the strengthening
plates and beams is recommended in order to achiewere homogenous interface at the
connection of the plates and beams.

Contribution of post-tensioned chemical anchoth@performance of retrofitted beams
is discussed through comparing the test resultshefgroups | specimens with their
counterpart specimens in group Il, and also conisigehe beams failure modes. For this
purpose, the evolution of ford&’), strain in tension rebafssg;) and elongation of diagonal
LVDT (4A,), respecting the mid-span deflecti¢h) of each beam in group | and its
counterpart specimen in group ll, up to slightlytedd,,, are integrated in a single multi-
axis graph. These graphs are designéted,;, A; — vs — &)and shown in Figures 4.43a
and 4.43b for BS and BHL specimens, respectivelyhése graphs,; corresponds to the
measurement of the LVDT registered the largestrdedtion, also vertical and horizontal
dashed-lines indicaté,, ande?,, respectively.

st

Following, these figures are used to discuss tfigeince of anchors on the performance
of the retrofitted beams (note that due to an impprdunctioning of equipment registering
the measurements of the strain gauge and diagMials in beam BHS_AB, such graphs
to compare beam BHS_A and BHS_AB are not available)

Strengthened beams failed in shear-tension modeégure 4.43a demonstrates
(F, g5t Ay —vs — 6) of beams BS_A and BS_AB, both failed in shearitensif the
F — & of these beams is considered, with the exceptidnitial loading stages, a stiffer
response for BS_AB than BS_A can be recognized.d¥ew the major difference i — 6

response is associated with the post-peak behavior.
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Figure 4.43: Mutli-axis diagrams representing tke&ation between force, strain in the

longitudinal tension rebars and elongation of dieedd.VDT with the mid-span deflections
of beams (a) BS_A and BS_AB, and (b) BHL_A and BAB.

In the case of the beam without chemical ancho8 8 the load-deflection response
enters a softening regime slightly beyond the dafi@ corresponding to its peak lo&d},,),

together with a decreasing trenddg. and increasing width of the inclined shear crgkk).
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On the other hand, the —§ of BS_AB shows almost a plateau region between
deflections corresponding to tlig and the initiation of the load decay.34 < § < 1.75),

while in this region botla,, andA, are increasing.

If this analysis is interpreted taking into accotir@ shear-tension failure mode of these
beams, it can be concluded that beyond the pedislaing of tension rebars at the distance
between the intersection of the diagonal crack tamdion rebars and the hooked end of
rebars was more severe in BS_A than that in BS_AB.

This conclusion suggests that the confining pressxerted to the concrete enclosed
between SHCC plates, due to post-tensioning of a@snanchors, has delayed the
debonding rate at the concrete-rebars interfaeeetbre, in the case of BS_AB a load decay
at the close vicinity beyond i, was prevented.

Strengthened beams failed in flexuraccording to théF, &, A; — vs — §) of beams
BHL_A and BHL_B, showed in Figure 4.43b, both oédle beams exhibited very similar
load-deflection responses updel.62 mm. In the case of BHL_A, for the ascendiramih
of load-deflection beyond this deflection and upytg while the increasing trend af;
turned into a decreasing one, there is almost avaagmooth increase dg,. This scenario
is associated with the sliding of longitudinal temsrebars with their hooked end pressure
on the concrete causing reduction in the widthhefas cracks.

On the other hand, in the case of beam BHL_AB, whesached to 1.62 mm the
ascending trend af; shifted into a constant plateau and this behavas continued until
6 = 2.0 mm, where both the load and theare decreasing. During 1.6 mené < 2.0 mm,
however, ¢;; Is always increasing and only decreases beyond.0 mm, which is also
slightly larger thars,,, ( = 1.88 mm). This behavior corresponds to a delafidthg of the
longitudinal tension rebars of this beam, as coegbdan that of BHL_A. In fact, this is the
confining pressure of the post-tensioned chemioghars that restricted the sliding of
rebars. Consequently, the location of the splittracks observed along the tension rebars
in BHL_A has shifted to the mid-width, beyond theemical anchors, in the case of
BHL_AB (see bottom views of corresponding beamBigure 4.38).
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The advantage of this reduced rate in slidingmsitn rebars is reflected in the smoother
load decay in the post-peak regime of the beamsw&/hetrofitting plates attached using a
combination of adhesive and post-tensioned cheraiethors (see and compare softening
regimes of the force-deflection responses of bdaHis A and BHL_AB in Figure 4.41b).

As mentioned before, due to an improper functiormighe data logger which was
registering the measurements of the strain gaugedagonal LVDTs in beam BHS_AB,
performing the abovementioned analysis for C§trengthened specimens is not possible.
However, smoother softening regime of the forcdedéibn of beam BHS_AB compared to
BHS_A (see Figure 4.41b), and the similarity ofitsplitting crack pattern to that of beams
BHL_A and BHL_AB (see bottom views of correspondibgams in Figure 4.38),
respectively, can be interpreted as the contributibpost-tensioned chemical anchors in
restricting the sliding of tension rebars in theeeaf BHS_AB. Moreover, chemical anchors
of beam BHS_AB prevented the debonding of stremgtigeplates, which was observed in
the case of beam BHS_A at the end of its testiag Esgure 4.40).

4.6 Summary and Conclusions

Within this chapter the material-structural conceitthe proposed strengthening
technique, designated as Hybrid Composite PlatéP(f#as introduced and the advantages
and potential applications of this novel retrofigielement were discussed. Two different
types of HCP, differing in the technique used iofoece their SHCC plate were developed,
namely HCK®) and HC®). The SHCC plate of HGPis reinforced with EB-CFRP sheet,
while in the case of HGP the NSM-CFRPs are used to reinforce the SHCC .pHie
CFRP reinforced face of the HCP is considered tanbeontact with concrete substrate,
hence in this system SHCC potentially protects CF&Astituents against severe
environmental conditions, temperatures higher fampact loads and vandalism.

Within the framework of developing HCP, a methodyyl®o process PVA-SHCC based
on calibrating minimum number of variables (W/B,/BRnd VMA/B) was proposed and
experimentally validated. According to this appioanitially the rheological properties of
composite mixtures containing different W/B werdimized within a two-phase study
(matrix and composite phase). Furthermore, basedhenresults of tensile tests the
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mechanical properties of rheologically optimizednpwmsites at each given W/B were
determined and the composite with adequate meddampioperties was used for
construction of HCP. If none of the developed cosites possesses the required mechanical
properties the above-mentioned strategy shouldepeated for different W/B contents.
However, in this study the first trials of W/B wasifficient to process a PVA-SHCC
possessing fresh- and hardened-sate propertie®mpliance with HCP development
requisites.

Afterwards, the structural efficiency of HCP wasessed through retrofitting short-span
shear-critical RC beams. The results of three-pthxural tests executed on the beams,
retrofitted with either SHCC-plates, H&Por HCH® attached to their lateral faces, were
compared to those of the as-built beam and the Istngthened with adhesively bonded
U-shaped CFRP sheet. Moreover, for beams strengtheith SHCC-plates or HCPs, two
different types of connections between the stresmgtig plate and concrete substrate were
investigated; one with only epoxy adhesive andotiher one with a combination of epoxy
adhesive and chemical anchors.

* According to the tests results, plain SHCC-platesded to the lateral faces of
the beam increased the load carrying capacity up%, as compared to that of
the as-built beam, with only 24% enlargement in theam’s width. The
premature detachment of the retrofitting schemeywed in the case of the beam
with externally bonded U-shaped CFRP sheet, wasohsérved in the other
beams, except for the one strengthened by meadhesively bonded HER

 HCPs were capable of altering the shear-tensiduréamode, occurred in the as-
built beam and the ones strengthened with SHCGgldab a flexural failure
mode, independent of their connection system taRGebeams. Moreover, an
increase of up to 126% in the load carrying cagasfithe HCP retrofitted beams,
as compared to that of the as-built beam, wasatai

* The improvement in the deflection ductility in tkase of HCP strengthened
short-span shear-critical beams was more notalde tthat of the beam
strengthened with U-shaped CFRP sheet. However, etkient of this
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enhancement was a function of the type of the H@&Pita connection with the
concrete substrate.

The main advantage of introducing chemical anchorshe adhesive-based
connection of strengthening plates to the con@etestrate, within the context of
the study performed on the retrofitting of shor&speams, was restricting the
sliding of the beams’ longitudinal tension rebditse structural advantage of this
enhancement was reflected in reducing the rateeopost-peak load-decay in the
case of retrofitted beams failed in flexure (HC#afgted ones), and higher shear
capacity in the case of the retrofitted beam failedhear (the beam retrofitted
with SHCC plates).

These above-mentioned results highlight the promidiCPs’ potential for
retrofitting shear-critical deep or slender RC bsam
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Chapter 5: Assessment of HCP Efficiency for Seismic Retrofittig
Applications [1, 2]

5.1 Introduction

This chapter describes and discusses the procaddr¢éhe results of an experimental
program aimed at assessing the effectiveness of ldC&eismic retrofitting applications.
For this purpose, full-scale damaged gravity loesighed (GLD) interior RC beam-column
joints were repaired by means of attaching HCPthimexperimental program, for each of
the HCP retrofitted specimen there was also a @patt beam-column joint retrofitted
based on cast-in-place SHCC reinforced with NSM-ER&mninates. Results of these two
different retrofitting strategies are also compaand discussed to verify the influence of the
interface bond between the retrofitting scheme #ral concrete substrate on seismic

performance of these repaired beam-column joints.

5.2 Experimental Program

The experimental program comprised the retrofitbhépur full-scale damaged interior
beam-column joints, which were categorized in twaimygroups. In the first group (group
), two of these specimens were retrofitted bydhitag prefabricated HCPs to the exterior
faces of their elements, while a technique basedast-in-place SHCC reinforced with
NSM-CFRP laminates was adopted to retrofit the mitve beam-column joints, specimens
in the second group (group Il). In fact, each spea in the second group was the
counterpart of one of the specimens in the fireugr but adopting a different retrofitting
strategy.

Retrofitting schemes adopted for each of the sp&tsin a group varied considering the
number of the faces of the framed element’s thatnetrofitted. While, for the beam-column
joints in the first group retrofitting scheme wasyoapplied to the front and rear faces of the
elements, for the beam-column joints of the secgradip, all the external faces of the
specimens’ elements were covered employing thetadaptrofitting strategy.

18
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After retrofitting, these specimens were subjectedthe same loading history as
previously imposed to their virgin state. To asghsseffectiveness of each of the proposed
retrofitting solutions, the results determined llage cyclic testing of the retrofitted
specimens are compared to those obtained in thiginstate. Furthermore, performance of
the retrofitting strategies applied to the specisiareach group is compared with each other.
Finally, a comparison between the results obtaifrech testing each HCP retrofitted
specimen with those obtained from the cast-in-plattefitted counterpart is presented. This
latter comparison aims at discussing the influen€etwo different interfacial bond
properties, the interface bond between SHCC andret®y on the performance of the
retrofitted specimens.

5.2.1 Damaged Specimens

Four damaged interior RC beam-column joints welecsed among a series of tested
specimens. These specimens were the subject ofarimental research in the scope of
another PhD thesis [3]. Following, a review on tle@figuration of these specimens, their
material properties, the adopted test setup ardingaattern, and a summary of their test
results and the observed damages is presented.

5.2.1.1 Design Configuration of the Damaged Spechse

Configurations of pre-1970th RC buildings were agddor the design process of these
beam-column joints. Therefore, plain steel barsewesed as the reinforcement of beams and
columns of these specimens. No transverse reinfanéin the joint region was applied,
and 90° hook arrangement was adopted for the gsraund hoops in beams and columns,
respectively. The beams and the columns of thdssdale specimens had a length of the
half-span and the half-story, respectively, of cannRC buildings. The geometries and
steel configurations of the selected specimen#hi@retrofit, JPAO and JPC in group | and
JPA3 and JPB in group II, are shown in Figure B.dhould be noted that the shorter length
adopted for the inferior column of the specimenssogiated to a steel element with
equivalent stiffness, allows to represent the bielnaf the assemblage and to accommodate
the load cells and pin connection at the bottotheftolumn, as it is evident in the test setup
presented in section 5.2.1.3.
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5.2.1.2 Material Properties of the Beam-Column Jtsn

According to [3], the average concrete compressikength, measured in cubes of 150
mm edge, was equal to 23.8 MPa with an estimatadacteristic compressive strength of
19.8 MPa, corresponding to the C16/C20 concredmgth class according to the grading of
EC2 [4]. Longitudinal steel bars were characterimgith average values of 590 MPa and
640 MPa, for the yield and the ultimate tensileersfjth, respectively, and an elasticity
modulus of 198 GPa.

5.2.1.3 Test Setup and Loading Pattern

The cyclic tests were conducted at the Civil Engiireg Department of the University of
Aveiro. A lateral reversal displacement history was impdedte top of the superior column
combined with a constant axial load of 450 kN. Tdvigal force(N) represents the gravity
load corresponding to an axial compressive strds@1@3% of the average concrete
compressive strength. The lateral load was cometitaf a series of displacement-controlled
cycles, in push (positive displacement) and pudg@tive displacement) direction, with an
incremental magnitude up to 4% interstory driftedoncept of the interstory drift is defined
as the percentage ratio of the lateral displacematehe loaded end of the column to the total
length of column, measured from supported sectidhé loaded one. After three cycles of
loading that introduced a drift level of 0.13%, led&vel of displacement was repeated three
times, as it is shown in Figure 5.2.

The specimens were tested horizontally accordingh® test setup illustrated in
Figure 5.3. The idealized test setup, represetii@gupport and loading conditions, are also
depicted in this figure. Since the test specimearewositioned horizontally, four devices
of reduced-friction with high-load carrying capgoitere arranged to support the specimen’s
self-weight (see Figures 5.3 and 5.4).

As shown in Figure 5.5 (also see Figure 5.3),¢ffteahd right beams were secured, close
to their free extremities, by the mechanical rgjlaevices fixed to the reaction frames. This
supporting condition allowed only sliding along theam’s longitudinal axis and in-plane
rotations at the supported ends of the beams.

At the lower end of the inferior column, a pinnexhoection was used to release only
the in-plane rotation at this end. The inferioruroh’s vertical and axial reactions were
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measured using two load-cells secured to each itm@aeaction steel frames at this region
(see Figures 5.3 and 5.6).

The lateral displacement was introduced using aduid actuator constrained at one
end to the steel reaction frame and at its strokkte the top of the superior column, using
two in-plane rotational pinned connections. To meaghe imposed lateral force, this
actuator was also equipped to a load-cell (seer€sgb.3 and 5.7).

120 N L 40 Cycle d? Max drift
Fedos d¥? Numbers (mm) (%)

1007 -33 1 +1 0.033
80 -2.7 2 +2 0.067
60 _A _A L 2.0 3 +4 0.133
T 40l A s 4106 +6 0.20
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= MAMAMMMM S RO
S o0 AVAVAVAVAVAVAVAVAVA 00 2| 13t015 +20 0.67
s VWWVWVVWVW 00 2| ewie w5 oms
@ Al 191021 +30 1.00
I 407 13 | 221024 +40 1.33
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2 gl 7 | 281030 60 2.00
311033 +70 2.33
-100+ "33 | 341036 +80 2.67
-120- --40 | 371039 +90 3.00
4010 42 +100 3.33
Step 431045 +110 3.67
461048 +120 4.00

Figure 5.2: Loading history adopted for the latedidplacement cyclesdf : peak

displacement for the corresponding cycle or setoles).

According to Figure 5.8 (see also Figure 5.3) mpase axial compressive load to the
columns, a pair of pre-stressed threaded stee| baesat the top and the other below the
columns, were used. At the top end of the supeaturmn, a hydraulic-actuator equipped to
a load-cell, was embedded. Threaded steel barsagestrained to this actuator which was
itself fixed to the top of the superior column. Toimer end of these threaded bars was
constrained to the bottom of the inferior columhus, the compressive force of the column
was imposed by tensioning these longitudinal dieed. All the steel reaction frames were
fixed to the strong floor employing pre-stresse@alded steel bars.
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the extremity of the inferior column [3]
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— steel threadbar

N/2 :
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“oad cell

Figure 5.8: Imposing axial force to the column gsapair of pre-stressed threaded steel
bars, position of the load-cell and actuator atdbthe superior column [3]

5.2.1.4 Summary of the Results and Observed Damages

The maximum load carrying capacity of 43.2, 38.8 38.5 kN was registered for JPAO,
JPC and JPB, respectively, at the drift levels.@%2 3.3% and 2.3%. In the case of JPA3,
having identical geometry and steel configuratian specimen JPAO, the test was
prematurely terminated because of technical prodldius, the behavior of this specimen
reasonably assumed to be identical to JPAOQ.

As consequence of deficient bond between smootitiaainal bars and the surrounding
concrete, the damages at the end of the test wardyntocalized in the vicinity of the joint

region into the beams and columns.

As shown in Figure 5.9, the extent of the damagegides concrete crushing and
spalling off at the intersections of the beamsthedcolumns, severe sliding of longitudinal
reinforcement due to significant bond deterioraton, eventually, flexural cracks localized
at the beam-joint interfaces or its vicinity on theam. Despite JPAO that had localized
damages at column-joint interfaces, in the othecspens there were only minor flexural
cracks at this regions. Specimen JPA3 had alsaiexged damages concentrated in its joint

region.
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JPB JPC

Figure 9. an“view ‘Ui-Scneifranc presentatbdaii ragesnioie Seteciea-oeari=coiumn
joints along with typical damages observed in couaws of the specimens
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5.2.2 Retrofitting Strategies

5.2.2.1 Prefabricated Solutions

The retrofitting schemes for the both damaged speas in group I, JPAO and JPC, were
based on attaching cross shape MSRo the front and rear faces of the beam-colurim. jo
However, in the case of JPC, additional “L” shapkPSls were also attached to the lateral

faces of the beam-column joint at each corner.

The retrofitting length for both beams and columwas assumed twice of the section
depth of the corresponding element. Thus, HCPs pax&lly covered the overall length of
the specimens (Figure 5.10).

In the case of cross shape HEP the depth of the sections covering the beamS3a@s
mm, while for the columns was 290 mm. The HCRad an overall thickness of 25 mm,
which was sufficient to accommodate two layers BR® laminates of cross section of 10
mmx1.4 mm, in two different levels (in orthogonakdtions). This configuration provided
a 5 mm protecting cover against the environmertt#b@s for the epoxy used to fix CFRP
laminates inside the grooves of the H&PThe grooves were cut with 5 mm of width, and
10 or 20 mm of depth, depending on the level tHaRE laminates were supposed to be
placed (Figure 5.10c).

The longitudinal reinforcement of the HCPs inclugeadrs of continuous laminates in
the direction of beam’s and column’s axis (Figusds to 5.1c). Consequently, the laminates
located in the beams were placed in a differerglléhvan the ones of the columns. In the
HCPVYs used to retrofit JPAO, the spacing of the trarssv€FRP laminates was 100 mm
(Figure 5.10a). This distance was maintained in gbeions of the HCP's that were
covering the columns of the JPC-R specimen, whilhose parts of HGPs covering the
beams of this specimen the spacing of the transV@FRP laminates was increased to 200
mm in order to take into account the smaller sgaaih steel stirrups in the beams
(Figure 5.10b). At the joint region of both seristhe HCEVs, pair of CFRP laminates
forming an “X” shape configuration was mounted m atempt of increasing the shear
resistance of the joint.
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A combination of the S&P 220 epoxy resin and chahaachors (Hilti HIT-V 8.8 with
10 mm diameter) was used as the attaching systermdo‘Cross shape” HEPs to the
concrete substrate.

As it was already mentioned, for the case of JPCPHs with an “L” shape
configuration were attached to the lateral facehefcolumns and the top and bottom faces
of the beams at each corner (Figure 5.10d). I'HB&S)s, also epoxy resin and chemical
anchors (Hilti HIT-V 8.8 with 10 mm diameter) waused to fix these panels to the lateral
faces of beams and columns. To the retrofitted @RCIPAO specimens, the nomination of
the JPC-R and JPAO-R was attributed, respectively.

All the retrofitting process was performed with 8pecimens in horizontal position. For
both specimens the remaining crushed and spalfecbatrete at the corners of the joints
was removed and then replaced with Sika Grout-213.

To seal the cracks, boreholes were drilled thrathghcracked sections. After cleaning
the holes using compressed air, small diameterspipere placed inside them, then the
exposed crack development at the concrete substradesealed and then epoxy resin
SikaDur-52 was injected through these pipes. Aftening the specimens, the sealing
process was repeated to assure that the crackigmhseas sealed as much as possible.

The concrete substrate was also slightly rougheised) hand-held concrete scabbler to
partially expose the aggregates. This surface rewnigly aims at improving the HCP-
concrete interface bond properties.

Prior to the installation of the HCPs, chemicalteors were mounted inside the holes
perforated on the beams, columns and joint regi@tsthe positions represented in
Figure 5.10. Before mounting the anchors, the hete® partially filled with Hilti Hit-HY
200-A as a fast curing injectable bonding agent.

Before testing the specimens, a torque of 3 Mas applied to fasten the nuts and
partially confine the concrete substrate. The erdbddength of the anchors inside the
concrete was 115 mm. Figure 5.11 shows a viewe§giecimens after the HCPs have been
applied.
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Figure 5.10: Details of the HCPs used for the repathe damaged specimens (a) cross

shape HCP for JPAO-R, (continued in the next page)
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Figure 5.11: View of the retrofitted specimens afup |, (2) JPAO-R and (b) JPC-R.
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5.2.2.2 Cast-in-Place Solution

According to the adopted retrofitting strategy floe specimens in group Il, JPA3 and
JPB, the concrete cover at critical regions ofdamaged beam-column joints is replaced
with a thin layer of a casted-in-place SHCC. Aftardy this layer of the SHCC was
reinforced with CFRP laminates bonded to the saw@oves on that according to the NSM
technique. Chemical anchors were used to improws-laminar shear stress transference
between the SHCC and the concrete substrate.

To the retrofitted JPA3 and JPB specimens, the maton of the JPA3-R and JPB-R
was attributed, respectively. As mentioned beftire,adopted retrofitting schemes for the
specimens differed according to the number of fac¢éiseir elements which was retrofitted.
While in JPA3-R only the front and rear faces dditns, columns and joint were retrofitted,
in JPB-R all the external faces of the mentionedheints were jacketed.

Following this strategy, JPA3-R and JPAO-R wereuas=d to be the cast-in-place
counterpart solutions for JPAO-R and JPB-R, resysgt

Similar to prefabricated solutions, the retrofittiprocess of the specimens in the second
group was also applied with the specimens positidma&rizontally and in two steps: (i)
before and (ii) after turning the specimens. Foitmgathe details of each step of the cast-in-
place retrofitting strategies are described.

5.2.2.2.1 Concrete Cover Removal and Replacement

Details of the retrofitting schemes are presenteBigure 5.12. The retrofitting length
for both beams and columns was taken as twicee$dction depth of the corresponding
element, similar to the prefabricated solutionsnt¢#e using a jackhammer concrete cover
was removed in the joint region and also in akdat faces of the beams and columns of
both specimens for a length of 800 and 600 mm,ecse@ly. The concrete cover was
initially removed up to a depth to expose the lardjnal reinforcements. Afterward, in an
effort to increase the interface area between dastplace materials and existing steel bars,
the removal of the concrete cover continued ugtireapproximately half of the diameter
of the longitudinal bars. Similar to the procedwplained for the retrofitting of the
specimens in group |, the existing cracks wereeskhY injecting epoxy resin SikaDur-52
before and after turning the specimens.
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Wooden formworks with interior varnished faces wesgalled to cast the cement based
materials. The lateral faces of columns and theatup bottom faces of the beams of JPA3
were casted using a mortar that was then cured days (see Figure 5.1 for the nomination
of the faces of the elements of the beam-colummtgpiAfter this period of curing, the top
edges of the hardened mortar were roughened astd $dCC was placed.

For the case of JPB, a continuous placing of SH@G@irsg from lateral faces of the
columns and the top and bottom faces of the beamasthen moving to the front face of the

specimen was followed.

Considering the variation in the thickness of thisttng concrete cover, between 16 and
20 mm, and a minimum of 20 mm thickness requireddmommodate two layers of CFRP
laminates in the SHCC layer, a 5 mm higher finighewvel for the SHCC was adopted, as
measured from the level of the existing concreteecat the extremities of the retrofitted

regions.

The self-compacting characteristic of the SHCCienbdigh fluidity eliminated the need
to any external vibration. Only the exterior fadehe fresh SHCC was levelled using a thin
long metal bar, with a rectangular cross sectionthe finishing purpose. It should be noted
that before casting the cement based materialsgdherete substrate was saturated with
water in order to assure a better interface bortlaatower risk of developing shrinkage
cracks.

One day after casting the SHCC the formworks weneaved. A wet curing procedure
was followed for at least 7 days. After at leastdays of casting the SHCC, grooves were
executed on the SHCC according to the configuratisimowed in Figure 5.12. Finally,
following the strategy discussed in section 4.th&,CFRP laminates were bonded into the

cut grooves.

After turning the specimens the same retrofittingcess was applied to the rear face;
namely: removal of the concrete cover, sealinghefdracks, roughening the top edges of
newly casted materials, placing the fresh SHCGnguof SHCC, cutting the grooves and

inserting CFRP laminates.
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For the case of JPB the grooves were also cuteBHCC casted on the lateral faces of
columns and the top and bottom faces of the beamaspair of CFRP laminates was bonded
into these grooves according to Figure 5.12. Tloeeeffor the case of JPA3-R, the
longitudinal reinforcement comprised pairs of contus laminates on each of the front and
rear faces of the beams and columns (see Figu®, 3vhile JPB had a similar CFRP
retrofitting but also with extra pairs of CFRP laates bonded to the each of the lateral
faces of its columns, and the top and bottom fatés beams. CFRP laminates bonded to
the lateral faces of the beams and columns weréncetd beyond the interface of these
elements with the joint region, where the occureent the largest bending moments is
expected (moment critical sections). For this psgoan inclined drilling was used to
execute the holes. After placing the CFRP laminaitesepoxy resin was injected. The bond
length of 100 mm was adopted for these CFRP lamgnafter moment critical section
(anchorage length), since a minimum of 90 mm isadtarized as the required bonding
length to fully mobilize potential tensile strengththis type of CFRP laminates [5].

The adopted spacing for transverse CFRP laminatesth JPA3-R and JPB-R was 100
mm (Figure 5.12). Similar to the case of the specisnwith prefabricated solutions, in an
attempt to increase the shear resistance of therggion, a pair of CFRP laminates with an
X shape configuration was applied on each front i@adl face of the joint region of both

specimens.

5.2.2.2.2 Installing Chemical Anchors

Chemical anchors were installed before and afteririg the specimens, when the SHCC
was cured at least 20 days. 10 mm diameter an¢HbFsV-8.8 M10X190) were mounted
inside the holes perforated on the beams, columdsoa the joint region, using the same
strategy adopted for the specimens in group haapbsitions represented in Figure 5.12. An
embedded length of 145 mm was assured for the esaheasured from the finished surface
of SHCC. Finally, a torque of 304 was applied to fasten the nuts and partially io@nf

the concrete substrate. Figure 5.13 shows a viglese specimens after have been repaired.

201



Assessment of HCP Efficiency for Seismic Ritting Application:

JPA3- JPB-R|
Superior Column 5:\‘ *
\rl. l—/|/8uperior Column
) i
CFRPR, ﬁ:; A ~ _CFRP@100mm
f F P
o 1 f o
S | | S
L@ CFRP
| | g
g || —Hfg e
CFRP @100mm& ; 8 CFRP
™ ! ! Lateral Face CFRP
Anchors(310, Ae 3 ol b —~A" CFRP@100mm
112 247 327 | F / , 347 , 303 67 ¢(
3 | i ' | 117 .
£ ! o { D @ o !
5 | “1£4 \ /N & ' 3
HE i AW i N INELEE
3] w 1! |
| e e HIBAE ‘ |
R Y i N ey J '
40, 68, 282 | \317 J L % 3321 SN\ 278 67N\
A q le [1lS A\  CFRP@100mm
CFRP i [ Anchors(@10)
I L ol
; [ 8 Note: =
. . O
B 1 r B ..
] g11e I Since anchors of the
I I ¥ .
3 = column are not placed in
d
i - " symmetric positions, all of
N \
LT them are shown
800 150 150 800
det. A det. A"
Anchor (210) / det. B Anchor (210) /\{
/\/\ "~ "Anchor (@10) . £ ) det. B
Q| . et.
2 0 : i [N / _ Anchor (810)
(o]
<] u (\ 10
g : = . \t
S g 145 I &) 145 o
3 | g
g e —— 1 1 ! .
5 49 110, 110 4q . . K
155 155 o 65, 90 , 90 , 65 ; —
30 310 5 75, 70, 75 45,
— 310
SECTION A-A SECTION B-B SECTION A"™-A" SECTION B’-B’
P N T T i CFRP Laminat
7~ N ~ CFRP Laminate ™ - C(E)Rnp ,,t%'gf;‘e /;;@1 (ongitudna)
/7 AN Epoxy Resiy (longitudinal) h / SHC \ 9 // N, CFRP Laminate
/ 40 SHCC / 40 \ \, ,CFRP Laminate/ SHC transverse)
o (transverse)
o Epoxy Resij O. .Epoxy Res} N
< = T
| : / Morta X < sHccf
. // . // . S ‘_-" < 7 e
semsad o e s cr e o soor 7 L™ o s
CFRP Laminate ~ Beam Section CFRP Laminate /
SHCC  (longitudinal) SHCC (longitudinal) Epoxy Resin
Detail A Detail A’ Detail B Detail B

Figure 5.12: Details of the schemes used for tlrofitting of the damaged specimens
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(b)
Figure 5.13: View of the retrofitted specimens afup I, (a) JPA3-R, and (b) JPB-R

5.2.3 Material Properties of Retrofitting System

5.2.3.1 SHCC
Details on fresh and hardened state propertieshefself-compacting PVA-SHCC
(mixture C4W30) used in casting the SHCC plateshmfound in section 4.3.
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5.2.3.2CFRP

Tensile properties of the used CFRP laminate (S&#riate CFK 150/2000) with a cross
section of 1.4 mm %10 mm were characterized follgmine procedures proposed in ISO
527-5:2009 [6]. From the tests executed in six cmgp average values of 2689 MPa, 1.6%
and 165 GPa were obtained for the tensile stresgthin at CFRP rupture and modulus of
elasticity, respectively.

Carbon fabrics (S&P C-Sheet 240) were cut fromstéme roll used to prepare HEP
for the strengthening of the short-span shearcatitbeams in section 4.5. Tensile
characteristics of this fabric are reported inisact.5.3.5.

5.2.3.3 Epoxy Adhesives

The mechanical characteristics of the S&P Resin gffky adhesie used to bond
CFRP laminates into the grooves of the SHCC arwitaldond the strengthening plates to
the soffit of the beams, are reported in secti@i344.

5.2.3.4 Cementitious Grout
The average compressive strength of 38.4 MPa fkaG3put-213 was obtained by
means of compression tests on four cubes of 10@dge.

5.2.3.5 Chemical Anchors

Hilti® chemical anchors are composed of a fast curirig FIF-HY 200A and the steel
anchor rods. According to the classification of $heel grade 8.8 of the ASTM, the anchor
rods, HIT-V-8.8 M10X190, has characteristic tengield strength of 640 MPa and
characteristic tensile ultimate strength of 800 MBased on the technical datasheets
provided by the manufacturer, an average ultimatsile load and ultimate shear load of
46.6 kN and 23.2 kN is expected for this type afteor rods.

5.2.4 Test Setup and Loading Pattern

The same test setup, cyclic lateral load histoy axial load in the columns used for
testing the virgin specimens were adopted forrtgghe retrofitted ones. Figure 5.14 shows
the schematic configuration of the displacememsiaicers (DTs) mounted on the top face

of the specimens to measure the local deformatieost slices along each beam and each
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column were considered for this purpose. The aleddrmation of each region, along the
longitudinal CFRP laminates, was registered usipgullel pair of DTs installed in each
slice. By combining diagonal, vertical and horizidTs in the joint region, the distortion
of the panel of the joint was also evaluated.
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Figure 5.14: Geometry of the slices assumed on gaetimen to assess local deformations
(the nodes are representing the regions whereidptadement transducers were supported,;

dimensions in mm).

5.3 Results and Discussion

5.3.1 Hysteretic Response

The hysteretic response in terms of lateral leadsuslateral displacement (and drift),
registered at the top of the superior column oheaatrofitted specimen in groups | and Il,
are depicted in Figures 5.15 and 5.16, respectiiety the comparison purpose, the
hysteretic response corresponding to the virgitesté each retrofitted specimen is also
included in its corresponding graph. Moreover Maleies registered for the maximum lateral
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load (E,,) and the corresponding driftd,,,) for specimens in the retrofitted and virgin

states, together with the percentage of the enhagrcein the lateral peak load obtained after
retrofitting, are reported in Table 5.1.

Following, discussions on hysteretic responsehefretrofitted specimengersusthe

virgin ones and the responses of the specimeniteetd with the HCPR/ersusthe cast-in-

place solution, based on the abovementioned reamdtpresented.

Table 5.1: Maximum lateral load capacity and theesponding drifts of the specimens in

the retrofitted and virgin states

Negative Positive Negative  Positive .
aoo
direction direction direction direction o
Group Specimen
E; d E} dt Increase in peak load o)
0
(kN) (%) (kN) (%) (%)
JPAO-R 52'6 -2.65 +51.2 +2.31 15.7
' +25.5 +18.2
JPAO 41.9 -2.31 +43.3 +2.60 24.4
Group |
JPC-R 57' 5 -1.65 +56.8 +2.64 39.8
' +54.5 +48.3
JPC 36.7 -2.94 +38.3 +3.25 10.5
JPA3-R 38.0 -1.65 +40.9 +1.65 19.6
-9.3 -5.5
JPA3 - 231 +43.3 +2.60 24.4
Group 41.9
] -
JPB-R 50 7 -1.62 +57.14 +2.33 25.6
' +48.9 +44.5
JPB 35.4 -1.99 +39.55 +2.24 10.5

a,y, is the average degradation in peak load at 4%(thré average of positive and negative loadingadions). This
degradation in each loading direction is equéllte- (Fy/F,,)]%, whereF,q, is the residual lateral load carrying
capacity at 4% drift of the considered loading cfii@n.
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Figure 5.15: Hysteretic responses of the specinf@hsIPAO-R and (b) JPC-R in the
retrofitted and virgin states
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Figure 5.16: Hysteretic responses of the specinfaps)PA3-R, and (b) JPB-R in the
retrofitted and virgin states
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Prefabricated solutions: as shown in Figure 516 hysteretic responses of both JPAO-

R and JPC-R indicate successful retrofitting sohgi since in comparison with the results
obtained with the corresponding specimen in thgiwistate, higher load carrying capacities
were obtained. By using the proposed retrofittexchhique, the pinching effect observed in
the reversal loops of JPC was also slightly impdove

According to the results presented in Table 5.8 prefabricated retrofitting technique
provided an increase of 25.5% and 18.2% in termsaodimum lateral load carrying capacity
of JPAO for the negative and positive displacemesfpectively. The corresponding values
for JPC-R are even larger, so that an increasel&¥b and 48.3% was obtained for the
negative and positive direction, respectively. ftigely different hysteretic response for
the positive and negative loading directions of <FP@ correlated to an unsymmetrical
damage distribution, which is further discusseth@&next sections.

Cast-in-place solutionsis shown in Figure 5.16, the retrofitting techngjadopted for

JPA3-R and JPB-R, resulted in stable loops withaindecay of load carrying capacity in
the post-peak stage of the structural response.

According to the results indicated in Table 5.F tast-in-place retrofitting technique
adopted for JPA3-R recovered up to 93% of the mamintateral load carried out by this
specimen in its virgin state, calculated as therage load in the positive and negative
directions. Applying the cast-in-place retrofittitegchnique to all lateral faces of the framed
elements, as was done in JPB-R, resulted in afgigni increase in terms of lateral load
carrying capacity. This increase was +48.9% and.5P44for negative and positive
directions, respectively, when compared to theesponding values recorded in the virgin
state of this specimen (JPB).

For both the cast-in-place retrofitting technigaesrage value of the drift corresponding
to the maximum lateral load, in negative and pesitirection, has decreased. This can be
attributed to a lower shear deformation at thetjoggion due to the contribution of the
retrofitting scheme in confining the concrete & jbint core, and also in increasing the shear
stiffness of the joint panel, up to the peak load.
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5.3.2 Damage Evolution and Failure Modes

Prefabricated solutions: Figurésl7 and 5.18 shows the damages registered ahthe e

of the test on the front face of specimens JPAGR #3PC-R. The damage evolution and
failure modes of these specimens are describdwifotiowing paragraphs.

JPAO-R:initiation of the first series of cracks was at tyeles corresponding to a drift
of 0.33%. These cracks were formed at the bottare &f the left beam and also at the
bottom and top face of the right beam at the wigiof the first series of the anchors, almost

inside slice 2 (see Figure 5.17 and also Figuré)5.1

Further increase in the displacement demand l¢itetéormation of a crack crossing the
section of the right beam, while in the left bedna televant damage seems to have become
restricted to the increase of the crack’s widthtembeam’s bottom face.

Although a single crack was formed on the latesmles of the beams, during their
widening up to a drift of 1.3%, multiple hairlineacks were formed on the surface of HCP
at the vicinity of the locations of these crackscycles corresponding to 1% drift, diagonal
cracks started to appear at the beam-column imtégwes. By further increase in the
amplitude of the drift cycles, these inclined csaskarted propagating toward the opposite
corners forming an “X” shape crack pattern coinugwith the inclined CFRP laminates
positioned in the joint of the HCP (Figure 5.17).

When the drift cycles reached the value of 1.3%izbatal and vertical cracks started to
appear inside the joint region, between the intdi@es of longitudinal CFRP laminates of
the beams and columns. At the drift of 2.0%, theofiéted corners at the intersection of
beams and columns started to spall off. The widgaind propagation of the cracks inside
the joint region may have governed the failure mofidae JPAO-R specimen.

The visual inspection of the joint panel after test revealed the bulged faces of the
HCPDs in the joint region with “X” shape cracks alongwcrushing of the old concrete,
which was confined inside the HER. Thus, joint shear failure was identified asfdikire
mode of the JPAO-R.
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Figure 5.17: Inclined cracks and bulging of th@joegion of JPAO-R at the end of the test.

JPC-R: the onset of the first crack was at tHeycle of the set of cycles corresponding
to 0.2% of drift in negative direction. This cragks formed at the top face of the right beam,
on its un-retrofitted portion, in a distance ofr@tn far from the extremity of the retrofitted
region. During the positive displacement of thigtdgvel, a second crack was also observed
out of the retrofitted region, at a distance o far from the extreme edge of the HCPs
on the top face of the left beam. At 0.33% of negadrift, the first crack has progressed in
terms of length and width. At the same level oftdyut in the positive direction, a third
crack was formed at the bottom face of the riglainbén a distance approximately equal to
the crack which was already formed at the top &ddhis beam.

During the following cycles, the propagation of thesting crack on the left beam seems
to have been restricted by the presence of the M@ the existing cracks on the right
beam have propagated up to become connected.uldshe noted that, since the sliding of
the longitudinal bars of both beams was restritigdhe adoption of 90° bend extremities
for these bars, further increase in displacememizshel, up to 1.67% drift, was followed by
higher load carrying capacity. This higher load asconsequence of the moment
redistribution towards other regions of the bearwom assembly not so damaged.

During both the positive and the negative displeaet® of the cycles corresponding to
1% drift, further cracks on both the left and riglgams adjacent to the beam-column
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interfaces were formed (Figure 5.18). The sequaridde cracks occurrence was at: i)
bottom face of the left beam; ii) bottom face af tight beam; iii) top face of the right beam;
iv) top face of the left beam. By increasing thi&dip to 1.3%, these cracks on the left beam
intersected each other. The crack on the bottom déddhe right beam has widened and
propagated, while the crack at the top face in thgon has only experienced a small
increase in its width. This was due to the actibthe previously cracked region of the right
beam out of the retrofitted zone, which acted asgibverning damage region on the right
beam. By repeating the cycles with the same leWtHedrift, the cracks at the vicinity of
the beam-column interfaces progressed into thedsbnehion of the CFRP sheet on the left
side of the superior and inferior column, as wslltawards the right side of the inferior
column. When the drift cycles corresponding to %6Were imposed, this detachment
progress met the first level of anchors positiomedhe superior and inferior columns.
Further detachment of the CFRP sheet in normatamgential directions was resisted by
the flexural resistance of the SHCC plate and bgarapacity of the anchors, respectively.
At a drift cycle of 2.67% the SHCC plate reachedléxural-tensile capacity and failed. At
the higher levels of drift, only the width of thesecks has increased without any further
crack formation. Thus, flexural capacity of the imsawas the governing failure mode of
JPC-R

By the end of the test, to visualize the developéxto-cracks, the surface of the HCPs
that was varnished before testing, was sprayedaviknetrating liquid. As a result of this
technique, it was visible multiple diffuse micraacks inside the joint panel zone with
diagonal orientation, fish spinal shape micro-ceaglong the longitudinal CFRP laminates
on the HC®), and diffuse micro-cracks in the vicinity of maanacks around the anchors
in the joint region and in the first slice of bdtbams (see Figure 5.18 and also Figure 5.14).
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Figure 5.18: Damage distribution along the beanwoml joint elements with close up views
of micro-cracks at the end of testing of the JPCeResponding to (a) positive loading
direction, and (b) negative loading direction

when failure mode of JPC-R (beam’ flexural failure)compared to that observed in
JPAO-R (joint shear failure), the performance ef‘th” shape HCFs in reducing the shear
stresses of the joint panel of JPC-R is revealedadt, in the case of JPC-R, due to the
continuity of the retrofitting system at the jurctiof the beams and columns, where they
are subjected to the largest bending moments, thelfape panel was submitted to high
tensile stresses, mainly due to the contributiothefCFRP sheet. The effectiveness of the
bond adhesive and anchors, as well as the flexapacity of the SHCC plate, have assured
a proper medium for the transference of theseléesisesses to the interior of the beam and

column (therefore lower shear stress were traresfew the joint region) by preventing the
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progressive detachment of the CFRP sheet. In figctietachment of the CFRP sheet has
only propagated up to the position of the firsttearan the column.

Cast-in-place solutions: Figure 5.19 shows theepatbf the developed micro cracks,

and major damages registered at the end of theneste front faces of specimens JPA3-R
and JPB-R. The schematic representation of thesagkes is showed at the left side of the
corresponding photo for the purpose of better assest of the developed damage. The
damage evolution is described in the following paaghs.

(b)
Figure 5.19: Damage propagation at the failureapfiPA3-R and (b) JPB-R

JPA3-R: the first series of cracks has initiatethatcycles corresponding to 0.33% of
drift. These cracks were formed at the top facthefleft and the right beams at a distance
of 100 mm from the lateral faces of the columng(ifice of slice 1 and 2). At cycles
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corresponding to 0.5% of drift, cracks at the bwttfaces of both left and right beams,
symmetric to the cracks on top face, were obser&ame relative sliding between
retrofitting layer and concrete substrate was olesewhen cycles of 0.83% drift were
reached.

The first series of the inclined cracks at the fiorcof the beams and columns was
observed in all four corners at the cycles corraspg to 1% of drift. Further increase in
the lateral displacement at the top of the supeadumn resulted in the progress of these
cracks into the interface of the epoxy adhesive/SH€Cthe bonded “X” shape CFRP system
at the joint region. Thus, for any larger displaeatdemand, damages were localized at the
joint region in the form of progressive separati@tween the epoxy adhesive and the SHCC.
Finally, at drift cycles of 1.67%, due to the loagersal effects, the debonding was almost
progressed along the entire length of the elemaitse “X” shape CFRP configuration. As
a consequence of this debonding, a total loss mtribtion of these inclined CFRP
laminates as a part of shear resisting mechanighegbint region was occurred. Thus, shear
failure of the joint region was the governing fadunode of JPA3-R.

JPB-R: The onset of the first series of cracks atabe set of cycles corresponding to
0.5% of drift. These cracks were formed at thedaog bottom faces of the left and right
beams in a distance of approximately 90 mm far flfataral faces of the column (inside
slice 1, see Figures 5.19 and 5.14). The incloragks at the junction of the beams and
columns were initially formed at cycles correspowydio a drift level of 0.83%. Similar to
the case of JPA3-R, these set of cracks resultea pmogressive debonding along the
interface of epoxy adhesive/SHCC of the “X"-sha@RP system at the joint region. At
drift cycles of 1.67% this debonding was alreadygoessed along the entire length of the
inclined CFRP laminates. At the same cycles, tingitadinal steel bars at the top face of
the right beam started to have significant slidemthat the concrete cover perpendicular to
the bended end of these bars was cracked. Asl bavdiscussed in section 5.3.3, sliding of
these rebars resulted in degradation of flexunpacay of the beams when the top face of
them was in tension. The non-symmetrical resporis#8-R, in negative and positive
loading directions, can be caused by this phenomeAb the next sets of the cycles,
corresponding to 2% of drift, the already crackedarete cover over the bended portion of
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these bars was spalled off. Afterward, any furiherease in drift demand just followed by
widening of the existing “X"-shaped cracks at tbenf region. Therefore, the shear failure
at the panel of the joint resulted in degradatibtateral load resistance of JPB-R in both
negative and positive loading directions.

5.3.3 Flexural Capacity of Beams

When the flexural capacity of the columns and theas capacity of the beams and
columns are adequate, the failure mechanism ointieeior beam-column joints depends
either on the flexural capacity of the beams subgeto reversal loadings (the case of JPC-
R) or the shear capacity of the joint panel (theeaef JPAO-R, JPA3-R and JPB-R). Equation
(5-1) presents the state of the static equilibrhetween the maximum developed moments
at the left and the right beams with respect tdatexal force at the top of the column.

_ MR+ M

Ve = — (5-1)
L

whereVc is the shear force in the colum? andM’ are the values of the internal

bending moment developed at the beam-column itesfaf the right and the left beam,
respectively. The sign of the bending moment isiaxesd positive when the bottom face of
the beam is in tension and negative when this ilacecompression. In this equatidiy, is
the total length of the column between its latstadports. According to Equation (5-1), any
reduction in the flexural capacity of the left aght beams may result in the loss of lateral
capacity of the beam-column assembly, unless ¢digation could be compensated through
the moment redistribution to other parts of thadtire.

The maximum moments (at the mid-section of sliaenlhe left and the right beams)
versusthe drift demands were calculated by considerregforce values registered in the
load cells and equilibrium conditions, and the ot#d results are illustrated in Figure 5.20
and Figure 5.21. Note that in these figures, fa& tdonvenience of understanding, the
multiplied value ofM! by -1 is presented. Thus, the beams” bending mtsneenresponding
to the negative and the positive loading directiares presented in the first and the third
guadrants of Cartesian system, respectively (s2edhematic representation in Figure 5.20
and Figure 5.21).
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The registered maximum bending moments for theseirsegns during both the positive
and the negative loading displacements are inadlaat@&able 5.2. Corresponding values for
their virgin state and the percentage of the irszaa their flexural capacities achieved after
the retrofitting are also reported in this table. Table 5.2ML", ML™, MR" and MR
indicate the positive and negative bending momierttse left or right beams. According to
the adopted convention, a positive moment corredpom the case that the bottom face of
the beam is in tension whilst the moment is negaiithis face is in compression.

Table 5.2: Maximum bending moments developed inbiems of the retrofitted and the
virgin specimens.

Negative Positive Negative Positive
direction direction direction direction
Group  Specimen Absolute values Variation
MY MR MY MEY AMET AMRT AMY AMRY
(kN.m) (kN.m) (kN.m) (kN.m) (%) (%) (%) (%)
+92.95 -54.03 -52.11  +90.69
JPAO-R
(-3.00)* (-2.65) (+2.31) (+2.99)
+225 +345 +308 +134
IPAD +75.85 -40.16 -39.84 +79.95
(-2.32) (-2.32) (+2.59) (+2.59)
Group |
IPC-R +114.13 -55.58 -51.09 +106.4
(-2.66) (-1.65) (+2.64) (+2.64)
+61.3 +748 +475 +451
PC +70.75 -31.79 -3464 +73.34
(-3.28) (-2.94) (+1.94) (+3.25)
+6594 -396 -43.04 +71.17
JPAIR (-1.64)* (-1.64) (+1.65) (+2.65)
-13.1 -14 +8.0 -11.0
IPA3 +75.85 -40.16 -39.84 +79.95
(-2.32) (-2.32) (+2.59) (+2.59)
Group Il
IPB-R +108.81 -57.16 -55.64 +107.46
(-2.62) (-1.62) (+1.66) (+2.33)
+56.2 +79.4 +62.2 +4138
IPB +69.68 -31.87 -3430 +75.78

(-4.0) (-1.99)  (+2.58) (+2.44)

* Values in parentheses indicate the corresportfiiigin percentage at maximum bending moment.
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Figure 5.20: Development of the resisting bendirggmant at the interfaces of the beams
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Figure 5.21: Development of the resisting bendirggmant at the interfaces of the beams
with columns (a) JPA3-R, and (b) JPB-R

Considering the abovementioned results, followisguassions on flexural performance
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of the beams of each retrofitted beam-column jaditgroups | and Il are presented.

Prefabricated solutionsiccording to Figure 5.20a, the maximum bending nmase

developed in the leffM!) and the righttM®) beams of JPAO-R, during the negative
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displacement, were -92.95 kN at a drift of -3.00% and -54.03 kN at a -2.65% drift,
respectively. During the positive displacement, léfe and the right beams reached their
maximum bending moment, +52.11 liNand +90.69 kN, at drift levels of +2.31% and

+2.99%, respectively.

As depicted in Figure 5.20b, the values of maximaending moments for JPC-R in the
left and the right beams, during the negative dispinent were -114.13 kN at a drift level
of -2.66 % and -55.58 K at -1.65 % of drift, respectively. The developadximum
bending moment for the positive displacement, ia thft and the right beams were
+51.09Nm and +106.4 kN at drift level of +2.64%, respectively. A suddetuction
observed in bending moment capacity of the riglenbeuring negative loading, at drift
cycle of 1.67% (Figure 5.20b), is associated toticaable sliding of longitudinal steel bars
at the superior face of that beam. Sliding of thieaes has initiated out of the retrofitted
region where damage was already extensive, andotfogmessed along the beam toward its
supporting extremity. Due to this process a sudtiep in lateral load carrying capacity of
JPC-R was registered at this level of drift (Figbirgbb), after which the specimen presented
a structural softening behavior for any furtheding in the negative direction.

As mentioned in previous section, where the daneaggition of JPC-R was discussed,
at a drift cycle of 2.67% the SHCC plate instalbedthe lateral face of the column reached
its flexural-tensile capacity, and failed. Failuwé this plate resulted in the loss of the
contribution of the CFRP sheet for the flexuralraftting of the beam. As a direct
consequence, the tensile stresses in the longU@RRP laminates of the HEP at the
bottom face of the right beam, increased signitigaand one of these CFRP laminates
ruptured. Therefore, the maximum bending capacityhe right beam during positive
displacement (+106.4 Kih at 2.67% drift) was reached by the rupture of tbingitudinal
CFRP laminate. In consequence of significant bagtdribration between this laminate and
surrounding SHCC in the joint region, the flexuzrapacity of the left beam was also limited
due to the sliding of this laminate during the datdoad reversal. This justifies the sudden
drop in both positive and negative displacementa dtift level of 2.67%, as shown in
Figure 5.15b.
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According to the data presented in Table 5.2, Baufal capacity of the JPAO after the
retrofit increased up to 34.54% and 30.80%, fomntbgative and positive loading directions,
respectively. The retrofitting system adopted ia #PC provided a larger increase in the
resisting bending moments, since values of 74.8&648n5% are obtained for the negative
and the positive loading, respectively. It shouddnoted that the values registered for the
JPAO-R do not necessarily represent the flexurphcity of the beams, since the beam-

column joint shear failure was the governing mode.

Cast-in-place solutions: according to Figure 5.2bh& maximum bending moments
developed in the leffM!) and the righttM®) beams of JPA3-R, during the negative
displacement, were +65.94 kN and -3% kNI both at a drift level of -1.64%. During the

positive displacement, the left and the right beagashed their maximum bending moment,
-43.04 KN and +71.17 kN, at drift levels of +1.65% and +2.65%, respedyive

As depicted in Figure 5.21b, the values of maximhending moments for JPB-R in the
left and the right beams, during the negative disgrinent were +108.81 kiN at a drift level
of -2.62% and -57.16 kkh at -1.62% of drift, respectively. The developedximum
bending moment for the positive displacement, @ lgft and the right beams were -55.64
kKNIl and +107.46 kNin at drift levels of +1.66% and +2.33%, respectivédl sudden
reduction observed in bending moment capacity efrigjht beam during negative loading
at drift cycle of 1.67% (Figure 5.21b) was causga Bignificant sliding of longitudinal bars
at the top face of the right beam, as discussedemous section.

According to the data reported in Table 5.2, afegrofitting, in average and for the
positive bending moments, up to 88% of flexuralamaly of the beams of JPA3 was
recovered. For the negative bending moments, ¢éxefal capacities of the beams in virgin
state were fairly restored. The retrofitting systadopted for JPB, however, provided a
much larger increase in resisting bending momehtiseobeams. Based on this retrofitting
technique an average increase of 49% and 71%équdkitive and negative moments were
obtained, respectively. It should be noted thatvedees registered for flexural resistance of
both retrofitted specimens do not necessarily ssrethe flexural capacity of the beams,
since the degradation in beam-column joint shepacity was the prevailing failure modes
of both specimens.
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5.3.4 Drift Components

The lateral displacement of a beam-column jointm@adecomposed into the contribution
of the deformation developed in each of its elemeftese drift components are mainly the
shear and the flexural deformations of both themwmis and beams, and the the distortion of
the panel of the joint region in shear. |

In general, the shear deformation of the beamscaluinns has low contribution to the
overall drift, as it is also the case of this stuayd therefore can be neglected.

It should be noted that, since the measuremeni¥Ieffor the specimens of group |l
were deficient, the decomposition of drift compotsea evaluated and presented only for
beam-column joints in group | (specimens retradittéth prefabricated HCPSs),

5.3.4.1 Contribution of Flexural Deformations of Bens and Columns

Flexural deformation of each element (beams andnma$) is calculated using the
relative rotation between sections at the extresiitif each slicegf (i is the number of each
slice; see Figures 5.14 and 5.22). Based on thesunes of the pair of DTs installed on

slicei, the relative rotatiorg¥, is obtained from equation (5-2),

QR:ALF_A?

l d ) i = 11 21 314 (5'2)
i

Where Af andA? are the measures of each of two DTs installedlioa is andd; is the

distance between these DTs.

As shown in Figure 5.22 and equations (5-3), kngwire relative rotation at each slice,
6R, and assuming zero rotation at the interface@étament and join®( = 0), the absolute
value of rotation at extremities of the othersesli@; (j: 2, 3, 4, 5; number of each section),

can be determined.

j-1
6, =ZeiR, j=2,3,4,5 (5-3)
=1

L

Where,f; is the absolute rotation at sectjon
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Figure 5.22: Adopted distribution of rotation aloagiven element (beam or column) of the

beam-column joint

The distribution of rotation along the elementpp@ximated assuming a linear change
of slope along each slice (see Figure 5.22). Bygrdting rotations along the total length of
the element, the flexural deformation at the enthefelementg/%¢, can be estimated from
following equation (5-4).

4
dfte = z 6% (L, — X)) (5-4)
i=1

where,d/¢ is the flexural deformation at the end of the eamandy; is distance of

centre of slice from the fixed end of the element ahglis the length of the beam.

Finally, the contribution of beams flexural defotoas in lateral displacement at loaded

section of the superior columaﬁ{”’, can be approximated according to equation (5-5).

(5-5)

2l.+h
At = (fub — qrirby <C—b)

21, + h,

A similar approach can be employed to obtain taruftal contribution of columns at
total lateral displacement of the loaded sectiothefsuperior column.
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5.3.4.2 Contribution of Shear Distortion of the Jati Panel
The contribution of the joint panel to the intergtdrift, dgs, Is calculated using the joint

shear distortiory;. Measured values by the diagonally placed DTsusetl to obtain the

joint distortion at each level of interstory diitcording to Figure 5.23 and equations (5-6)
to (5-7) .

Yi=%1t72 (5-6)

) 57)

where,A; andA, are the shortening and elongation measured by gbatiagonal DTs
installed in the joint region, ang is the initial distance between supporting pooftBT.

Taking into account the boundary conditions atehe& of each element and establishing
the kinematic relations between the elements ob&z@en-column joints, see Figure 5.24 and
equations (5-8) and (5-9), the contribution of fgganel in lateral displacement at the loaded

section of the superior columaﬁgs, can be approximated from equation (5-10).

dff = 2% 1y —hyy, (5-8)
he
V2 = Eh (5-9)
. h.h
di’ = <Zlch - C—b) V1 (5-10)
21,

22
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Figure 5.24: Contribution of joint distortion lateral displacement at top of the superior

column,d’*.
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5.3.4.3Discussion on the Results of Drift Compongitecomposition

Figure 5.25 illustrates the contribution of eaclhaf abovementioned components as the
percentage of each level of the interstory drifirdythe steps of the positive displacements.
The remaining portion of the graphs includes theastdeformation of the beams and
columns, rigid body motion of the specimens duthé&flexibility of supporting frames and

finally local deformations at the supporting regaf the specimens.

According to the Figure 5.25a, the contributiontloé beams flexural deformation in
lateral displacement of JPAO-R increased up to &0%he level of 1% drift. After this level
of the drift the beams flexural contribution stdrtéecreasing, and reached to its minimum
contribution of 19% at 4% drift. The joint distani contribution started increasing after the
drift level above 1.3% and at 3% drift has reacl3@o, which was larger than the
contribution of the other components. The maximwmntigbution of the joint distortion,
37%, has occurred at 3.33% of drift. The flexumaltribution of the columns varied between
22% and 40%. Considering the observed damagesigaef.25a, it can be concluded that
at 4% of drift the fixed end rotation of the colundue to the excessive sliding of the
unbounded longitudinal reinforcements inside thetjeegion, and the joint shear distortion
have dominated the interstory drift.

Figure 5.25b shows the contribution of the driftgmnents in the interstory drift of JPC-
R. It can be seen that the beams flexural contahutp to 1% of drift has increased up to
59%, similar to what was observed for JPAO-R. Betwthis drift level and 2.64% drift, the
contribution of the beams flexural deformation w#émost constant, but above 2.64% drifts
the beams flexural contribution has increased aadred its maximum contribution of 86%
at 4% of drift. Except at the drift level of 0.2%here the contribution of the joint distortion
was more than 20%, up to a drift level of 1% thiatjalistortion had almost a constant
contribution with an average value of 12%. By iasiag the imposed drift the contribution
of the joint distortion has also increased andhedats maximum value of 23.8% at a drift
level of 2.33%. Above this level of drift, the joidistortion had a reduction tendency so that
at 4% of drift its contribution was only 5.2%. Te@umn flexural contribution had a general
tendency to decrease with the increase of the drith a 39% of contribution at a drift level
of 0.2%, and 5.5% at the end of the test. Thisaln@ry of the contribution of each drift
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components for lateral displacement of JPC-R expléiow the retrofitting system was

efficient to decrease the joint shear distortionl,atherefore, to maintain the columns
undamaged.

Beams Flexure
[ Columns Flexufe

Drift Components Contribution (%)
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Figure 5.25: Contribution of the beams flexure, tdodumns flexure, and the joint shear
distortion to the overall drift of (a) JPAO-R, a(iy) JPC-R
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5.3.5 Cumulative Dissipated Energy

Energy dissipation capacity of a RC element iscthregsequence of inelastic deformation
and damage propagation. Opening and closing oksraontribute significantly to the
energy dissipation capacity, as well. Therefore,S6ICC material with the potential of
formation multiple diffused micro cracks, a higlvéé of energy dissipation under cyclic
loadings is expected.

As shown in Figure 5.26, the amount of dissipateergy per cycleE; (with i being the
number of the cycle), can be calculated from thelomed area in each loading cycle, as
presented by the hysteresis response of laterdVer@usateral displacement. Summation
of the dissipated energy with respect to the inemnn lateral drift results in cumulative
dissipated energy up to each given level of inbeystrift.

Fe

Figure 5.26: Schematic presentation of the conaegissipated energy at each cyde,

The evolution of the dissipated energy at the fiied and virgin state of the specimens
in groups | and |l are presented in Figures 5.2Fa@8, respectively. Moreover, the amount
of cumulative dissipated energy at 4% dfg,, for both retrofitted and virgin states of the
specimens, is reported in Table 5.3. The increasba amount this cumulative dissipated
energy,AE 4, after retrofitting is indicated in the last colanef this table. Following,
discussions on the evolution of the dissipatedgnef the specimens in each group can be

found.
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Prefabricated solutionsonsidering the results presented in Figure 5.8% ladopted
retrofitting solutions for the specimens in thetfigroup, JPAO-R and JPC-R, have provided

an energy dissipation capacity higher than theregistered in the corresponding specimen

in virgin state during all loading steps. In thaspect, the retrofitting solution applied in JPC
specimen was more effective. In fact, at 4% dtife dissipated energy of JPAO-R was
52.3 kN, which is 23% larger than the energy dissipatetPiAO, while the JPC-R reached
54.03 kN corresponding to an increase of 84% comparirtissipated energy of JPC.

Cast-in-place solution$ollowing the results depicted in Figure 5.28, dgrall loading
steps, both retrofitting solutions of the specimenthe second group, JPA3-R and JPB-R,
have provided a cumulative dissipated energy highan the one registered in their
corresponding virgin state. In this respect, theoféting solution applied in JPB specimen
was more effective. In fact, at 4% of drift the aulative dissipated energy of JPA3-R was
44.4 KN, which was only 5% larger than the correspongadge in JPA3, while the JPB-

R reached 53.4 Kk indicating an increase of 95% comparing to vakleulated for JPB.
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Figure 5.27: Evolution of the dissipated energyirtythe cyclic loading of (a) JPAO-R and
JPAOQ, and (b) JPC-R and JPC
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Figure 5.28: Evolution of the dissipated energyitythe cyclic loading a) JPA3-R and
JPA3, and b) JPB-R and JPB

Table 5.3: Cumulative dissipated energy at 4% iitf dr

: E4o AE 4,
Grou Specimen °
P P KNI (%)
JPAO-R 52.3
+23
JPAO 42.4
Group |
JPC-R 54.0
+84
JPC 29.4
JPA3-R 44.4
+5
JPA3 42.4
Group |l
JPB-R 53.4
+95
JPB 27.4

E 4, is the cumulative dissipated energy at 4% of;drift
AE,y, = [1 —ER,/ EK)A)], where superscript®” and “VV” denote retrofitted and virgin states, respecyivel

5.3.6 Secant Stiffness

As a consequence of reversal and repeated actiongla loading, the stiffness of a
beam-column joint can be deteriorated. To assessstiffness degradation, the secant
stiffness K, is estimated during the drift evolution, andridationship is represented in
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Figures 5.30 and 5.31, for the specimens in grdugsd Il, respectively, in their both
retrofitted and virgin states. The secant stiffnisseaken as the slope of the straight line
which connects the peak loads at the positive hedhegative displacements of the load
versusdisplacement envelop at each level of the dréfe (Bigure 5.29).

Moreover, the amount of initial secant stiffnesskdt for both retrofitted and virgin
states of the specimens, is reported in TableThd.changes in the initial secant stiffness,
AK{, after retrofitting is indicated in the last colarof this table.

Fe

Figure 5.29: Schematic representation of the adgédinition for secant stiffnesk, at

each cycle

Table 5.4: Initial secant stiffness of the specimen

. K! AK}
Group Specimen KN/m (%)
JPAO-R 5058
+1.6
Group | JPAO 4979
JPC-R 6807 1225
JPC 5557
JPA3-R 4087
Group | JPA3 4979 -18.0
JPB-R 5275 oc
JPB 5411

Kl is the initial secant stiffness;
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AK! = [1 - (KS")R/ (Ks‘)v] where superscript®R* and “V” denote retrofitted and virgin states, respecjivel
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Figure 5.30: Secant stiffness of (a) JPAO-R andQ]JRAd (b) JPC-R and JPC
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Figure 5.31: Secant stiffness evolution in (a) J™&8nd JPA3, and (b) JPB-R and JPB

Prefabricated solutionaccording to Figure 5.30 both specimens in thednsup, JPAO-
R and JPC-R, presented higher secant stiffnesein retrofitted state than in their virgin

state, at least up to 3% drift. In terms of inisatant stiffness, JPAO-R presented almost the
same stiffness as in its virgin state, while thidgahsecant stiffness of JPC-R was 22.5%

higher than the value registered in its virginesi{gee Table 5.4). This increase is attributed
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to the larger cross section after the retrofit, dngher level of concrete confinement
introduced by the post-tension effect of the chah@achors in all lateral faces of the framed
elements. In addition, it should be mentioned thah retrofitting systems were able to
restore (at least) the initial stiffness.

For the case of JPAO-R, when the first crack wasiéal, at 0.33% drift, the initial secant
stiffness reduced more than 44%. Due to the coretgort of damage at the top face of the
right beam of JPC-R, out of the retrofitted regi@amd initiation of the sliding of the
longitudinal plain steel bars in this region, angfigant drop in its secant stiffness at a drift
level of 0.33% was registered. This stiffness réidncwas about 58% of the initial secant
stiffness.

Cast-in-place solutionsaccording to the Figure 5.31 and Table 5.4, theofiting

technique adopted for JPA3-R has just restored 82%e initial secant stiffness of this
specimen in its virgin state, while the techniqpel®@d on the JPB-R has almost restored
the initial secant stiffness registered in JPB\itgin state). This can be explained by a less
effective bond between the casted mortar and theaicrete of JPA3-R.

Considering the degradation of the secant stiffreddhe end of each sets of loading
cycles, JPA3-R had greater secant stiffness thad between loading cycles corresponds
to 0.13% and 1.67%. After 1.67% the secant stifridshe retrofitted and virgin state was
fairly similar. For the case of JPB-R, after 0.18¥%drift, the adopted retrofitting scheme
resulted in a slower degradation in secant stiffrikan its virgin state.

5.3.7 Displacement Ductility

Ductility is the potential of a lateral load resigt system to undergo large inelastic
deformations during its post-peak regime with oslight reduction in its ultimate lateral
load carrying capacity. The ductility is generajlyantified as a normalized displacement or
a rotation index depending if the ductility is aboin® be assessed in terms of local or global
behavior, respectively. For the case of the prestmdy, the displacement ductility index
(uq) is calculated as the ratio of the ultimate latdigpplacemen(d,,) and the displacement

at the yield poin{d,,). The ultimate point can be defined as the dispteee corresponding

to a load level in the post-peak response of tlexisgen that is a fraction of the peak
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load (F,,). According to the available literature, this ratian be taken between 10% and
20% [7-9]. The yield displacement can be obtainexinfa bi-linear curve assuming
equivalent elastic-perfectly plastic response. Stameate this bi-linear curve, two conditions
should be fulfilled: (i) the area under this cuslreuld be equal to that for the envelope of
loadversusdlateral displacement, and (ii) the deviation be&wéhese two curves, measured
based on the absolute sum of the areas encloseedretthese curves, should be the

minimum (see Figure 5.32).

The displacement ductility index is then calculatedthe ratio between the ultimate
displacement and the yield displacement. In thistext it was assumed for the ultimate
displacement the one corresponding to 10% losseopeak load0.9E,,).
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Figure 5.32: Schematic representation of the defmiof the equivalent bilinear curve for

the evaluation of the displacement ductility index

The envelope of the loadersusdrift and also the equivalent elastic-perfecthagtic
curves estimated for both retrofitted and virgie@mens are presented in Figures 5.33 and
5.34 corresponding to specimens in group | anesipectively.

Table 5.5 also indicates the yield and the ultimdigplacement obtained for the
calculation of the displacement ductility index foe positive and negative loading, where
ug andyj;2 are the ductility for the specimen in the virgmdaretrofitted state, respectively.

The reported ductility index is calculated as thierage ductility using the corresponding
values of displacement ductility in both positivedanegative displacements.
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Figure 5.33: Envelope of the loadrsudirift for both retrofitted and virgin specimeneiad
with the equivalent elastic-perfectly 