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Abstract

Performance objectives in the seismic design of reinformttrete (RC)buildings require
buildings to survive themaximum considered earthquaKk®MCE) with a low probability of total
or partial collapseOften, RC structures require costly retrofittmgdemolition and reconstruction
after the MCEA building structureshall also withstands design basis earthquake (DBE) with

low likelihood of causing lifehreatening injuries to the individuals inside or outside.

The current research aims to irape thepostearthquake statef multi-story RC shear walto
decrease their rehabilitation costs after strong earthqu@keeent building codes require that
essentiabtructures such as hospitals remain serviceable after strong earthdil@kesger, pst
earthquake serviceability is noecessaryor non-critical structures, such as apartngnthich
often comprise most buildilsgn everycity. According to current seismic codeéle damageof
RC structuresan be characterized througjieir permanent dft ratios and concrete damage.
Thesedamageandicators aralsointercorrelated to some degrees. For exanipdger permanent
drift ratios correspond ttargerflexural crackopeningsin shear wallsOne optionto decrease
these damage indicatois to useinnovative materials and detailwith improved performance

compared ta@onventional concrete and steel reinforcement.

In this study, the performance of three innovative shear walls is investigated through experimental
testing In this regard, theyclic response parameters of the innovative walésnvestigatedand
compared with the response parameters cdbnventional RC wall designedttee latesseismic
guidelines.Then, thefollowing response parameteo the wallswere compared between the
conventional and innovative walls failure mode, permanerdrift ratio, concrete damage,

stiffness, strength, and energy dissipation.



High-performance reinforced cementitious compositessuch as engineered cementitious
compasite (ECC)and steel fiber raforced conagte (SFRCwere used to minimize the damage

in concrete Also, to promote seltentering shape memory alloySMA) bars, glass fiber
reinforced polyme(GFRP) bars, and higétrength steel strands were ugethe innovative walls

It was show through experimental testing that the drift ratio recovery of a conventional RC shear
wall couldbe improved by more than 90% when some ofldhgitudinalsteel reinforcement of

the wall is replaced with setfentering reinforcement.

In the next stagefaohe study, aalysis modelsf the tested specimen®redeveloped using finite
element methazlandwereverified withthe obtaineedxperimental resultdhen, the modelsere
used to study the response of laggaleinnovative RC shear wallshndercyclic andseismidoads.
It was shown thathe inelastic rotational capacity in the innovative and conventional RC walls is
comparable. The study also showed tiat extent d the plastic hingeregionin steelGFRP
reinforced wallscould belargercompared ta@onventional RC walls, while it igenerallysmaller

in steetSMA reinforcedand partially postensionedconcretewalls.

The results from this study demonstrate theilf@éy of using innovative materials and details in

the design of damagesistant RC shear walllt is expected that the analysis models #mel
designinsightsproduced as part of this investigation assist engineers and building owners toward
the adopton of highperformancematerialsin RC shear wallsThe use of higiperformance
materials in shear wallsan lead to more sustainaltdailding structures, which require smaller
amounts of time and money for repairing. Also, these buildings are less likely tderaetition

andreconstructiorafter strong seismievents
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CHAPTER 1 INTRODUCTION

1.1 Introduction

According toFEMA 365 (2000)the permanent drift ratio and the extent of damagaear wall
sustairs during an earthquakean be used to estimate the peatthquake performance level of

the sheamvall. In theimmediate occupancy performance level (I@gligible permanent drift

ratios and damage are acceptalitethelife safety (LS)level, in which significant damage with a
margin to collapsean besustainedIn the LS levellimited degrees of crushing, reinforcement
buckling, and flexural crackingith permanent drift ratiosf 0.5% or smallerare allowed for shear

walls. In the collapse preventio(CP) level, beyond which structural elermseate considered to

have no structural integritghearwalls are expected to have severe boundary element damage
including crushing, reinforcement buckling, and major shear and flexural cracking. The permanent

drift ratio at this levemustbe less than 2%

Non-critical structures designed to the latest seismic caddstandards are effective in resisting
strong earthquakes. However, this is usually achieved at the cost of suffering significant damage,
as shown byNagae et al. (20157 he sustained damage by RC struaitetementgan be classified

based on the amount of permanent drift ratio and the damaged sthies @ccording to FEMA

365 (2000)The current research project is one of the first studies which aims to reduce permanent
residual drift ratio and concrete damageRC shear walls without compromising their energy
dissipation capabilities. For that reason, it was decided to incorporate steel rebars as well as
innovative reinforcement into the study. This study disavs a major future studies in the realm

of dama@e-resistant RC shear walls.

1.2 Problem Statement

In recent years, several studies have been condoci¢kde application othigh-performance
materialdn theimprovanent ofseismicperformance of structural elemerfegardingeinforced
concrete bridgessaiidi et al.(2007, 2009 andSaiidi and Wand2006) showedthatbridge piers
detailed with engineered cementitious compo&t€C) and reinforced witehape memory alloy

(SMA) barsalongtheirplastic hinge regions hambtably reduced residual deformations &nels



of damageafter withstanding earthquake€ruz Noguez et al(2012) studied the seisic
performance of a fouspan bridge specimettetailed with highperformance materials such as
ECC,SMA, and highstrength (HS) steelnder seismic load3.he study showethat innovative
materialscouldminimize damage and effectively reduce permanent displacemdanidge piers.

Regardingreinforced concretéRC) shear wallsHolden et al.(2003) performed a study othe
seismic performance of a precast concrete shear wall detailed witlntixended tendons and
two bondedenergy dissipatingteel rebardn addition,the precast wall was cast witeelfiber
reinforced concretéSFRC)for damage mitigation purposé&he shear wall illustrated substantial
selt-centering and damagmeitigationwith a very limited energy dissipatiosapabilitydue to the
lack of bonded reinforcememtbdulridha and Palerm@014)studiedthe seismigerformancef

a shear wall specimen reinforced with steel and SWVhfe wall showed superior setfentering
properties while maintaining comparable levels of stiffness, strength, and energy dissipation to
conventional RGvall. However, he wall sustained extensive damage in the plastic himgieh
was followed by the bucklingna rupture of SMAbars at the extremities of the shear wall.
Mohamed et al2014)studiedthe seismic performance of concrete shear ywatsch weregourely
reinforced withglassfiber reinforced polymer(GFRP) bars.The study showed that GFRP
reinforced shear wallsould achieve satisfactory levels of deformability, stiffnemsd strength
while illustrating substantial setfentering.The energy dissipation capacity GFRP reinforced
walls, however, was insignificant due to the linear response of GFRP bars.

Considering the literature on innovative shear walls, a lack of systematic intrestmadifferent

types of innovative shear walls is seen. Atberesearclprojectsperformed on innovative walls

have been focuedon the merits of such walls and overledithe design parameters of innovative

shear walls. As a result, there are no recommendations and guidelines available for the design and
construction of innovative shear walldws, ths research tries to answer the following questions.
What are the meritef different types of innovative shear walls compared to each other and to
conventional RC constructionWhat are the design parameters of different types of innovative

shear walls compared taditional RC construction?



1.3 Scope

This study is comprisedfdwo partsi an experimental and a numerical pditte scope othe
experimental part of thetudyis limited to the seismiperformanceof cantilever, slender shear
walls reinforced with steel rebars and a type of-selftering reinforcemensuch as SM bars,
GFRP bars, or higktrength steel strandshe walls will be subject to ascending, psesthtic,
displacement reversals up to failufeial loadsare not applied to the wall specimens, agsit
desired to investigate the seléntering capacity of the innovative materials independeritlg

is becausexial loads provide a reentering mechanism to shear walls sulggtd lateral loads
(Maciel etal. 2016)

The scope of the numerical part of the study is limited to the semmpertiesof cantilever
slender shear walls reinforced with steel rebacsompanied bya type of seHcentering
reinforcementonsisting ofSMA bars, GFRP bars, or higdtrength steel strandEhe study will
be performed on shear walls with different aspect ratios, axialdbad rand reinforcement ratios.
The walls will beanalyzed undecyclic displacement reversals addferent ground motion

acceleration histories.

1.4 General and Specific Objectives

The current research was defined to reduce damage susceptibility of RGQvahedements in

terms of permanent drift ratio and concrete damage, which results in lower retrofitting costs after
major earthquakes. This research intends to develop innovative RC wall systems that enrable non
critical shear wall buildings to withstandtrong ground motions with small permanent

deformations and mitigated damage.

The general objective is to investigate the feasibility of using innovative materials and details to
reduce damage and permanent deformations in several types of damage sésienivall
systems.Reliable numerical models whiatan capture the response of the walls, and design
methods suitable for inclusion in seismic codes will be devel@dtztward. The specific

objectives aras follows.



1.4.10bjective 1

o The first objectiveof the studyis to develop new types of damagesistant shear walls anol

conduct a systematic investigation of their merits.

In this regardfour shear wall specimens atesigred built, and testdto failure The walls consist
of one conventional reinforced concrete wall (used as the reference specimen) atitesirear
walls incorporating advanced materials and detditee materials usedh the hybrid vertical
reinforcing schemesf the innovative walls argsteel/GFRP bars,etl/SMA andsteel barglost
tensioning strand¥ to achieve sel€entering In addition, damageresistant fiber-reinforced
concretes used in the walls tceduce crushing, spalling and crackifgconcrete The merits of
the innovative materials will bessessed throughecomparison of the advanced shear waith

acontrol wall built withconventionabkteetreinforced concrete

The innovative walls were designed to have comparable reinforcement layouts to the
reinforcement layout of the control wallo design the reinforcement layout of each innovative
wall, first, the reinforcement layout of the control wall was adopted. Then, some of the steel
reinforcement of the adopted reinforcement layout was substituted by a type of innovative
reinforcement. Tis was to provide each innovative wall with a meaningful increase in the self
centering compared to the control wall while maintaining comparable levels of energy dissipation

and deformation capacity to the control wall.

1.4.20Dbjective 2

6 The seconabjective is to provide some recommendations for the design and construction of

innovative shear walls.

In this regardreliable finiteelement analysis models fthhe experimentedonventional and
innovativeshear wallsare developedrhe modelsaredevebpedusing offthe-shelf materied and
elemens of researctoriented finiteelemen{FE) packagesThen, the analysis models are verified
andused to study theffectof high-performance materiatm thedesign variablesf the innovative
shear wallsThen somerecommendations will be developed foe design ofnnovativeshear

walls.



In addition,aparametricstudyis performedo investigateéhe effecs of thevariablessuch asxial
force, aspect ratio, and reinforcement ratio, whaodinot investigated in the experimental study
of the innovative shear wall3he finite-element modahg techniquesdevelopedthroughthe
analysis of testedallsareused to investigate the responséojescale shear wallacorporating

advanced materials awigtails undecyclic andseismicloads

1.5 Thesis Outline

The structure of fis thesis is as follows. In Chapter 1, the problem statement, the scope, and the
objectives of the thesis are defined. Chapter 2 reviews the literature on innovative materials and
their application in innovative structural elements. Different methodssiing forstructural
elemens are also explained in this chapter. Chapter 3 explains the experimental tests performed
on four shear wall specimeirs this study This chapter alscompars the performance of the
tested innovative wall in terms of seéntering and energy dissipation capacity. In Chapter 4, the
design parameters of the tested wallscalculatedand comparedChapter 5 explains the finite
element models developedrfthe testedwalls and other innovative walls from the literature
Chapter 6discusseghe implementation and the results of a parametric study performed on

innovative walls. And finally, Chapter 7 concludes the results of the study.



CHAPTER 2 LITERATURE REVIEW

2.1 Introduction

Many cities around the world are locaiadegions with moderate to high seismiciBuildings
designed in these regiomsust comply with minimum performance objectives set by seismic
design guidelines and coddis.accordance teeismic design codes such as FEMA 356 (2000)
ASCE 710, noncritical buildings (most buildings including residential, commercial, and
industrial buildings) are to meet collapse prevention limits when subjeateakimum considered
earthquake(MCE), which aresarthquakewith a recurrence period of 2475 years, or a likelihood
of occurrence 02% in 50years Noncritical buildingsmust comply with the life safety definition
when withstanding earthquadwith a recurrence period of 475 years, or a likelihobalccurrence

of 10% in 50 yearswhich are called the design basis eartkqag DBE).

Using reinforced concrete shear walls is an efficient way to resist lateral forces and provide
stiffness to buildingsUnder lateral loads produced by wind or seismic events, shearcaalls
deform in a ductile way and dissipate energy whilenta@iing sufficient loagtarrying capacities.
Ductile behaviorof shear walls becomes possible through yielding of steel reinforcement and
being adequalg detailed, such as having confinement to the concrete at the wall boundaries.
Ductility, however, cormas with its intrinsic consequences, such as damage in concrete such as
cracking, spalling and crushingnd residual deformations, which occur due to permanent
elongations in the reinforcemefitherefore, after an extreme loading incident, the structuye ma
need costly repairs and rehabilitation procedures, even if it has not coll#pgeddamage is
extensive, the structure may even need to be demolished and replec@ding toRamirez and
Miranda(2012) afterthe 198®1exico City, and1995Kobe earthquakes, it was indicated that the
main cause ofhe demolition of even moderately damaged structures was the high levels of

permanent lateral deformations (Fajl).

Ramirez and Mirand&012) performed astudyon the significance of residual drifts in the loss
estimation of posearthquake buildingg.he research wanductedn four RC frame buildings
located in Los Angeles, Californidiwo of the buildings (a-<4tory and d 2-story), which did not
have the requiredetailsfor ductile behavior, represented g¥erthridge seismic code&n the
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other hand, thether twq including one4-story andonel2-story building wereequipped with the
required detailing according to the current US seismic design cbdeg.esults indicated that
despite the noductile buildings, the economic losses in the ductile buildings were maialyod

the residualnter-story drift of them.In this regard, Fig2.2 shows the probability of demolition

for a notcollapsed RC frame building against its pedkr-storyresidual drift ratioAccording to

the figure, for gpermanent drift ratiof 1% or less, the probability of demolition is about 10% or
smaller.For a permanent drift ratio of 2%he probability of demolitiomises to above 80%, and
finally, demolition will be inevitable if ta permanent drift ratio becomes more than BP&. study

also showed that estimating economic losses for DBE with consideration of forced demolition due
to permanent drifinter-story ratios was 45% more than the estimates overlooking permanent
drifts. Thestudy, then, suggests that the curesdnomidoss estimates which do not account for

residualinter-storydrift ratios may hugely be underestimating the reality.

Figure2l. 6 Exampl es of buildings with residual
demolition (left photo by M. Bruneau, MCEER; right photo by A. Whittaker, NISEE, EERC, UC
B e r k e(Ramiyey @nd Miranda 2012)

To lower the probability of forced demolition in RC structures, their permanentstory drift
ratiosmust be loweredn this regard, th@resent studyvas defined tamitigate postearthquake
damage of RC shear wall structures in terms of permahgntatiosand concrete damag€he

general objective of the research is to investigate and compare three different types of innovative
shear wall systems to reduce comerdamage and residual deformatiofs.reduce permanent
deformations, higiperformance materials and details susliSMA bars,GFRP bars, and un

bonded postensioning strand&ereused.Also, in order to mitigate concrete damage, including
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cracking, spding, and crushing two types diber reinforced concite (FRC) engineered

cementitious composif&CC) andsteelfiber reinforced concretéSFRC) were utilized

P(DM=D | RIDR)
1.0 1

0.8 1
0.6 4
0.4

0.2 4

0.0 T T T T 1
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EDP = RIDR [%]
Figure2.2. Probability of having to demolish a building that has not collapsed as a function of
peak residual intestory drift in the building. EDP, engineering demand parameter; RIDR,

residual intesstory drift ratio(Ramirez andiranda 2012)

Steetreinforcedconcreteshear wallsvith especial reinforcement detailing have higher levels of
ductility than ordinary walls. However, they are more expensivéhis regard(Aly et al. 2018)
studied the impact of detailing on therformance anthecostof RC shear wallDetailing shear

walls with different types of selfentering reinforcemergisoincreases the constructi@ost of

RC shear wallsHowever, this additional cost can drastically decrease the amount of time and
money required to rehabilitate or even demolish and reconsthugtding after extreme seismic
events whicharenot insignificant in cities with higbeismicity. For instangeheconstruction of
thefirst prototype innovative bridge, which was detailed with SMA bars and &@Constructed

in Seattle in 2017Ge et al. 2019)is justifiable with the same rationale

2.2 Advanced Materials

In recent years, higherformance materials such as SMA, GF-&Rl FRC have become feasible
alternatives to conventional consttion materials such as steel and concrete to overcome their
limitations. These limitations can be outlined as low tensile strength and negligible strain ductility
in tension (concrete) as well as significant residual deformations and susceptibilityosiaror
(steel).A literature review on the use of advanced materials and their application in structural

engineering, with an emphassa buildings, is presented nexh this sectionthe application of



advanced reinforcing materials such as SMA, Fitiéposttensioning steetogether with fiber

reinforced concrete and composite materials in structural engineering is discussed.

2.2.1Shape Memory Alloy

Shape Memory Materials (SMM) form a category of smart materials comprising a variety of
materialsincludingalloys, ceramics, polymers, and gels with specific properties as shape memory
effect and supeelasticity. These properties enable SMMs to recover large amounts of strain and

return to their original shapes after being heated or the release of apeles(Vgti et al. 1998)

Among the shapememory materials, shape memory alloys (SMA) have become suitable
alternatives t@onventional steel for certain applications in recent yéditisough different types

of SMAs are available, NiTi (NickeTitanium alloy), which is also called Nitinol, has become one
of the most widely used SMA materials due to its superior mechanicpenties, easier
manufacturing, and significant shape memory efi€ederstrom and Humbeeck 1995; Desroches
et al. 2004; Nematasser and Guo 2006; Wei et al. 1998)

As shown in Fig. B the behavior of NiTi is a function of stress, straind temperaturas the
crystal structure of NiTi can transform between two phases: austenite and markerss@rite is

the crystal structure of NiTi in which the aterof the material haw cubic structure, while in
martensiteatoms are placed in a new structure taking more gpraatNasser and Guo 2006)
According toDesroches et af2004) in low temperaturgandhigh-stress levelghe stable crystal
phase of NiTi is martensite, while the stablagdis austenite in high temperatureslandstress
levels.As illustrated in Fig. B, at temperatures below the martensite finish temperatureg, or M
the material can recover its original shape upon heathig.is the secalled shape memosffect.

The supeelastic behavior occurs when the temperature of NiTi is above the austenite finish
temperature, or Ayet below the temperature in which the martensite behavior is no longer stress
induced (martensite deformation temperature gy. Vhis condition translates into a temperature
range between20 °C and +100 °C, accordingTtehrani et al(2015) indicating that NiTi exhibits
superelastic effects in temperature ranges found in common structural applicam@hBnally,

at temperatures above MIDO °C(Tehrani et al. 2015}he material behaves as a usual metal.
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Figure2.3. Stressstrain relationship of NiT{Desroches et al. &)

Saiidi et al(2007, 2009 andSaiidi and Wang@2006)performed exploratory studies on RC bridge
columns detailed with advanced materials such as SMA and ER&€ studies showed that
structural elements reinforced with SMA have notably reduced residual deformations after being
subjected to strong earthquakiesvas also found that damage in elements incorporating ECC was

substantially reduced in comparison to the conventional structural elements.

Cruz Noguez et al2012)studied the damage characteristics of innovative piers through-shake
table testing of a fouspan bridge specimeithe bridge had three, twoolumn piers, each of

which implemented advanced materials at their bottom plastic hinges, while the top plastic hinges
were made of conventionsteetreinforced concrete for comparison purpogéd® bridge model

was subjected to twhorizontal components of the 1994 Northridge earthquake simultaneously.
The results showed reduced damage in enhanced plastic hinges with the one made of ECC and
reinforced with SMA remained almost undamagéd.terms of residual deformations also,
enhared hinges showed huge improvements in comparison to the plastic hinges made of

conventional materials.

Tazarv and Saiid(2015) proposed a set of design specifications for SMA bars as concrete
reinforcementFirst, a procedure wagroposed to identifghe different mechanical properties of

an SMA bar from its standard tensile teghen, through a parametric stydige effect of ach
mechanical propedson theload-deformation relationship of a bridge colunas investigated
Then some design specifications for SMA reinforced pieese proposedBased on the results of

these seminal projects, SMA reinforcement has been usddefdirst time in a bridge structure.
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As part of the RS99 tunnel project in Seattle, a damage resilieniSételbridge is under
constructiofKerry Clines(2016) The piers of the bridge are detailed with ECC and SMA to have
minimal damage and residual deformations urstiemg earthquake®ver time, this innovative
design is expected to result in substantial savings in repair costs, well lze3férd 76 increase

in cost is being made during constructioerry Clines(2016)

Shahria Alam et al2009, 2012kxplored the use of SMA at critical locations (plastic hinges) of
RC frame buildingdy investigaing the seismic performance of twes8ry RC frame$ one with
SMA at beam joints and one pure steel reinforced frarhe.results showed that the two frames
had comparable performance, while the s&dIA frame could effectively recover iister-story
andtop-story residual drift ratios. Thethe studywasexpandedo 3, § and &story buildingswith

steetSMA reinforced 3D frames.

Abdulridha and Palerm(®014)explored the application of SMA bars as in reinforced concrete
shear wallsby tesing two RC shear wall§ one purely reinforced with steel and the other
reinforced with steel and SMA barBhe results showed that the wall witte hybrid reinforcing
sysem had notable setfentering while having comparable strength and maximum drift ratio to

the control specimen.

2.2.2Fiber Reinforced Polymer (FRP)

FRPis a type of composite material consisting of an arrangement of pofipeeswithin a resin
matrix. FRPs & manufactured as sheets dais andare widely used ithe construction and
rehabilitation of structuresSome of the unique properties of FRPs are {siglngth to weight

ratio, ease of installation, high durability, and magnetic and thermatowaudivity.

Based on the type dibers used in the composite material, FRPs are termed as CFRP (carbon
fiber), AFRP (aramidfiber), or GFRP (glassiber). Since thefibers control the mechanical
properties of the final composite, the properties of different tyyyeBRP vary accordingly

(Fig. 2.4). FRP materials have a qudisiear stressstrain relationship in tensioifhey generally

have high tensile strengths and exhabliirittle mode of failure when the tensile strength is reached.

In regardgo the compressive capacity, FRP materials are not as efficient as in tension, since the
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buckling strength of thébersis low due to the negligible lateral support provided ley risin
matrix (Mallick 2007)

Due to the unique properties and benefits of FRPs, their application in construction and retrofitting
of structures has widely been explorédlrapping is one of the most common retrofitting
techniques used to strengthen vulnerable structural elemsantsas columns or beanihe use

of FRP wrapping in strengthening reinforced concrete columns is astudled subject. A
literature review showed that FRP wrapping in the transverse (horizontal) direction of the columns
could effectivelyincrease the shear capacity of circular and rectangular col&Rshorizontal
wrapping has been proven to delay-&gice brittle failures and concrete crusheftectively. It

can also be used for increasing the confining stress and promote ductiB/columnsVertical
wrapping has been used in flexural retrofitting and repair applicationerms of efficiency,
horizontal wrapping is more effective in circular columns than it is in rectangularsgossns
(Yu-Fei Wu, Tao Liu 2006)
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Figure2.4. Tensile stresstrain relationship of different types of FRP in comparison to steel
(Mohamed 2013)

De Luca et al(2009) studied the response of 14 fsltale circular columns reinforced with
longitudinal and transvee FRP (GFRP and CFRP) bars under concentric axial fAricestudy
investigated the effect of different transverse reinforcement configurations (stirrups versus spirals),
volumetric ratig and the type of FRP reinforcement on the confinement of condile¢estudy

illustrated that RC columns reinforced with GFRP and CFRP had sitmdhaviorto the
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conventional steel RC columns and behaved linearly up to 85% of the peak sBentigt6 FRP

and GFRP stirrups and spirals complying with CSA SBP8vereable to adequately prevent
buckling of the longitudinal FRP bars and confine the core of the columns after the pedkéad.
GFRP and CFRP RC columns incorporating spirals attained less than 3% more strength in
comparison to the identical specimens oihtheinforced with circular stirrup3.hat shows the
circular stirrups were as efficient as spirals in confining the core of the specimtarsas of the
longitudinal bars, GFRP and CFRP longitudinal bars underwent up to 0.4% and 0.7% of
compressive stras. The bars resisted compression until after the crushing of the concrete.

Mohamed et al(2014) explored the application of GFRP bars in concrete sh&he study
included testing four cantilever shear wall specinietigee fully GFRP reinforced anshesteel
reinforced shear wall§.he walls were tested under a cyclic lateral load while carrying 7% of their
axial capacities as gravity loadinghe results showed that the GFRP walls reached satisfactory
levels of drift ratio while reducing shear straiat the base of thealls andaddressing the brittle

shear failure.

2.2.3Fiber Reinforced Concrete

Concrete is composed of fine and coarse aggregates bound together by ebesec:pastd.he
composition of concrete results in high compressive and temsile strength Damage
mechanisms in concrete are related to cracking propagation in concrete related to its reduced
tensile strengthUnder an arbitrary load, cracks form and develop in the cement paste due to the
occurrence of tensile strains causgddnsion and shear forcédter cracking, the tensile strength

of plain concrete is zer&racking in concrete leads to spalling, loss of concrete cover, and can
even reduce the compressive capacity of concrete, producing crushing, due to compression
softening.One solution to improve the tensilehaviorof concrete is to reinforce the material with
randomly orientedibers made of materials with high tensile strength, which results in the
composite exhibiting postracking tensile strengtlfsuch materils are termediber reinforced

cement composites (FRCQA)wo of the most widely used types of FR@re SFRC and ECC.

A more general classification of cement composites is depicted in BigFiBerreinforced
cement composites (FRCC) incorporate metallic, polymeric, or other tydésenfo enhance

different aspects of the composite respoAseording toKunieda and Rokugo (2006 class of
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FRCCs designed to exhibit a ductbehaviorin both compression, tension, orthpthey are
termed ductildiber reinforced concrete (DFRCCOPFRCC materials are classified into two sub
classe$ composites with or without tensile strain hardenBRCC materialsvith tensile strain
hardening a calledhigh-performancéiber-reinforced cement composite (HPFRCBPFRCCs
achieve tensile ductility through the development of multipliero-cracks in tensionOne
example of HPFRCCs is ECC, which is a mix of cement, sand, fly ash, and polyvinyl alcohol

fibers

A )

f DFRCC

Ductile in compression,
tension and bending

HPFRCC

Strain hardening in
tension
(Ex.: ECC)

(Ex.: FRC)
FRCC
\ : Mortar, concrete) /
Cement composites

Figure2.5. Cement compositg&unieda and Bkugo 2006)

2.1.3.1SteelFiber Reinforced Concrete (SFRC)

In terms of the mixture, SFRC and concrete have similar components except for tfibestgel
which are usually provided as a fraction of the SFRC mix vol8R&Cmaterialsare produced
with differentfiber contents; however, in order to maintain suitable levels of workabilityibed
dispersionit is suggested that the fraction fidfers should be limited to 2%Parramontesinos
2005) Apart from thefiber dosagefiber properties including the geometry, aspect ratand
strength play major roles in the tensile properties of the (lilxomas and Ramaswamy 200ir)
general, hoolended or crimpledibersare more effective than straigittters due to their higher

pullout strength.

In regions under tensile strainirfdjerscontributeto resisting tensile stresses through the bridging
of the crackwhich resulsin enhancement on the pastcking response in comparison to plain

concreteAs the crack grows, thiéersare pulled out, and the material resists less tensile stresses
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and finally fails in a quagbrittle manner (Fig. B). Beyond the cracking point, SFRC experience

areduction in tensile strength as tensile strain incregsd998).

It has been shown through several experimental studies thatdibfarcement has a significant
contribution to the response of the structural elements cast with FR&®olat etal. (2005)
conducted an experimental study tre seismic response of coupling beams detailed with
HPFRCC.The study consisted of testing four coupling beams under displacement revangals.

of the specimens was made of normal concrete other speniens were detailed with fiber
reinforcement and different reinforcement configuratidime types of fiber used in the study were
ultra-high molecular weight polyethylene (PE) with a volume fraction of 2% and twisted steel
fibers with a 1.5% volume fractin. The study showed that detailing coupling beams with
HPFRCC eliminates the need for the stirrups around the diagonal reinforcement in the coupling
beams due to the adequate confinement provided by the HPFR@GE shownthat the coupling
beams detailedith diagonal reinforcement and HPFRCC were able to maintaindaeibearing
capacity up the drift ratio of 4% he study also suggested a-pest construction method for
HPFRCC coupling beam¥Vith precast construction meth®and relaxed reinforcement details

it is possible to save time amebrkforcesince the conventional construction of coupling beams

requires substantial reinforcement detailing.

Stress

Concrete NIV gpRre ECC

Strain

Figure2.6. Tensile stresstrain curves of concrete, SFR&hd ECC

ParraMontesinos and Kin2004)also studied the HPFRCC lenise shear walls (aspect ratio of
1.5).The walls had lower web reinforcement ratios than requireiiy318-02 (2002)andwere

designed to have a diagonal tension faillneo types offiber reinforeement were used in the
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HPFRCC materials used in the stu@ne was ultrdnigh molecular weight polyethylene with a
volume fraction of 1.5%and the other was hooked stelbers at 2% of volume fraction.
According to the test results, up to 70% of the specimen strength came from the contribution of
the fiber-reinforced concreter-ailure of the specimens occurred at a drift ratio of 2.5%, as the
fiberswere pulled oytand a diagonal crack openékhe resuls suggested that HPFRCC shear
walls exhibited enhanced damage resilience, superior strength, and displacement capacities than
walls made of conventional concretBegarding shear als, Athanasopoulou and Pafra
montesinog2014)performed a complete study on lewge SFRC specimens through exploring
experimental results of nine leise shear wall specimendenager(1977)also studied a beam
column connection made of SFRC with a volume fraction 0bJA8 thetest resulindicated, the

joint illustrated an increase in strength and stiffness with less daevagethougmone of the

column stirrups were extended in the connection region.

2.2.4Engineered Cementitious Composite (ECC)

Engineered cementitious composite (ECC), which was developdd (#993), is a class of
HPFRCC material with tensile strain e@agiesranging betweed% to 5%.ECC achieves ductile
behaviorthrough the development of multiple mieccacks as opposed to the formation of a
single, dominant crackigure 27 shows the difference between the cracks formed in ECC and
concreteln ECC,which is tailored through micromechanics, the formation of new cracks requires
less energy than breaking thibers that bridge an already formed cradks a result, multiple
micro-cracks with uniform widths, called steadiate flat cracks, are formed the material.
Figure2.8 illustrates the ductileehaviorof an ECC slab specimen during a fqaint load test.

In contrast, for plain concrete crack propagation and enlargement needs less energy than that
required to form a new cragki 2003).

Griffith Type Crack t Steady State Flat Crack ‘I .
@g% DR
Broken 0/ B B l 0ss< Op
softening 1

“springs’

Figure2.7. Cracks in ECC and concrdtiel 2003)
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In terms of mixture components, ECC consists of cement, water, fine aggregate, fly ash, and
polyvinyl alcohol (PVA) filling 2% of the mix volumgLi 1998) Only fine aggregates are used in
ECC since course aggregates do not participate in tension and reduce the tensile strength and

ultimate strain of the ECC.

Figure2.8. An ECC slab under foypoint-load tes{Nagai et al. 2002)

Fischer et al. (2003)erformeda study on reinforced ECC beams under cyclic loadTling study
included the testing of four smaltale cantilever specimens consisting of one reinforced concrete
and three reinforced ECC beanite control specimen (S1), was an RC beam with a longitudinal
reinforcement ratio of 3.14%. The specimen also had a transverse reinforcement ratio of 0.57%
below the height of 150 mm, and a ratio of 0.17% above the height of 150rhersecond
specimen (S2) waa reinforced ECC specimen with the same reinforcement ratios to those of the
control beamThe third (S3) and the fourth (S4) specimens were ECC reinforced beams with the
same longitudinal reinforcement ratio as the other two specimens; however, nergsans
reinforcement was provided for thefirhe fourth specimen was the only specirtteatcarried an

axial load of 80 kN while the specimens were tested under lateral reversed cyclic displacements.

The study showe@ superior damage tolerance and hysterptopertiesof the ECC beams
regardless of the presence of transverse reinforceffignte 2.9 illustrates the cracking pattern

of the specimendAs shown in the figure, several flexural cracks formed along the heights of the
ECC reinforcedspecimens reducing the demand and damage in the plastic hinge region on the
beamsin addition, bond slipping, covepalling,and composite disintegration did not take place

in the ECC specimenghe failure mode of ECC beams S2 and S3 was due to theylde fatigue

failure of longitudinal steel bars, while the control specimen S1 failed because of concrete
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crushing.Regardingthe S4, the decline in strength was because of ECC compression failure,
although the specimen maintained its axial capacity tipetend of the testhe fourth specimen

failed at the drift ratio of 14% when its longitudinal reinforcement buckled.

According to Fig.2.10, the hysteresis of the specimens, each of the ECC beams illustrated an
improved lateral load resisting, energgsipationand drift ratio capacity in comparison to those

of the control specimen.

(11% drifty | [ S-4 (5% drift)

20 1
1
15 | ?
]
10 | “ =
- l"-
5- 5 3 E
3 : z
g’ ,%
g Ll ]
2 J
10 i -
15 | g B i 5 i 5 t ) 5 i
i ] 1 20 " | | i | I
20 At e e o % 12 8 a 0 a ] 12 18
18 2 8 -4 0 4 8 12 16 —

Drift ratic [%]

Figure2.10. Hysteretic response of specimeRs¢her et al. 2002)
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Figure2.10. Continued

Saiidi and Wand2006) investigatée bridge piers detailed with ECC and SMA reinforcement at
their plastic hinge location$he test results indicated that the proposed detailing results in minimal
sustained damage and residual deformatforuz Noguez et al(2012) studied the seismic
behaviorof a quarteiscale, fowspan bridge which was special in utilizing advanced materials.
One of the bents of the bridge model was detailed withi Hafs and ECCThe ECC was
incorporated in the lower parts of the bridge colunwisere the bottom plastic hinges were
expected to be formedhe rest of the columngcluding the top plastic hingewere detailed

with steel and normal concretéigure2.11 illustrates the state of the top and the bottom plastic
hinges formed in theofgoing bentAs shown, the ECC sustained limited cracking and no spalling,

while the concrete was moderately damaged.

SMA bot-
ECC/SMA

* G

e |
SMA top-RC

Figure2.11. Damaged state in a pier of SMA/ECC bfdtuz Noguez et al. 2012)
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ECC has alsdeen used in concrete shear wallagai et al. (2002andLi et al. (2014)studied
the behaviorof low-rise ECC reinforced shear walls under lateral cyclic loaddaih studies
reported that substituting normal concrete with ECC will enhance the performance of the shear

walls in terms of strengtlieformability, and damage tolerance.

2.2.5Patrtially Post-Tensioned Systems

Posttensioning is a prestressing technique that consists of stressing tendons that are placed in the
ducts left in a concrete member after the concrete has hardenedieasehe stiffness and the

cracking resistance of the memb@éfen the member isnecracked under the service loads, the
member is said to be fully prestressed. The-pasdioning can be partial, in the sense that some
cracking is accepted under service conditighscording toACI-ASCE Joint Committee 423
(1999)parti al prestressing is O6an approach in
reinforcement or a combination of prestressed anepnestressed reinforcement is used such that
tension and cracking in concrete due to flexure are allowed undereseedd and live loads while
serviceability and st r elhtigetpbsttenseogng ireinfroeenent is ar e
designed to stay in the elastic range under loading at the ultimate limit state, the reinforcement can

be used to provide restorifigrces to a structural member.

Sakai and Mahi2004)performeda studyon the application of posensioned strands in reducing

the residual displacements of circular concrete bridge coluifims.study proposed that by
replacing some of the lortgdinal reinforcement of a bridge column with-bonded pas
tensioned strands, the partially ptestsioned column will show a significant reduction in residual
displacementsThen through a series of cyclic testee effect of different parameters suhthe

amount of postensioning, mild reinforcemenaind postensioning stress on the hysteretic
response of four bridge colummasstudied.For instance, the study shows, when 50% of mild
steel in a bridge column is replaced by gesisioning strands with equalosssection area and a
posttensioning stress equal to the axial load resulting from dead loads, residual displacements are
reducedoy 86%.

Cruz Noguez et a[2012)performed on the seismiiehaviorof a quartetscale fourspan bridge,
which included a twazolumn bent detailed with pegtnsioning rodsT he study showed that pest

tensioning bridge columnsould effectively reduce the residudisplacementsUnbonded post
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tensioned rods, as opposed to bonded reinforcement, was used to prevent stress transfer from the
reinforcement to the concrete, and thus minimize damdgeever,Cruz Noguez et al. (2012)
reported that damage to concrete was significant within the plasicafdhe piersThis can be
attributed to insufficient noprestressed reinforcement at the plastic hinge zone, thus allowing the
development of large cracks and spalling of conckatpure2.12 illustrates the state of the top

and bottom plastic hingdermed in the bentAs shown the damage to the bottom plastic hinge

was severe as the longitudinal reinforcement bucldied the stirrup ruptured.

Figure2.12. Damaged state partially petetnsioned bern(iCruz Noguez et al. 2012)

Some resarchers also studied pstressed shear wallkurama et al(1999)studied the seismic
performance of prstressed precast shear wallke study showed that petressed precast walls
undergo lateral displacements through gap opening at their horizontal joints and exhibited minimal
damage in respect to monolithically built shear waKsirama (2000) and Morgen and
Kurama(2004) also investigated the response of-pi@ssed shear walls with supplemental
dampersThey showed that the employment of viscous and frictional damping systeuhd
substantially increase the energy dissipatiorperties of the prstressed precast walls without
affecting their desirable characteristics such as highcsaliering.Kurama (2002, 2005)also
undertook armnalytical study on the seismic design of partiallygiressed shear wallBhe study
showed that using mild steel along with ptesisioned strands will allow the wall to dissipate
energy through the yielding of the mild steel reinforcement whilepthsttensioned strands
promote the sel€entering of the shear walt was suggested that for a wide rangfepost
tensioned precast shear wallsmight be possible to raise the normalized inelastic dissipated
energy to 0.5 when at least 50% amount id steel of the emulating RC walls corresponding to
the posttensioned wall is provideldurama (2002)
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2.3 High-Performance Shear Walls

In this sedbn, high-performance shear wallsicluding SMA reinforced concrete shear walls,
GFRP reinforced concrete shear walls, geasioned shear walls, ECC shear walls, and SFRC

shear walls are discussed.

2.3.1SMA Reinforced Concrete Shear Wall

Abdulridha(2013)conducted a study on the seismic performance of concrete elements reinforced
with SMA to reduce residual displacemeft®o shear wall specimeiisone a conventionatee}
reinforced shear wall, and the other an innovative shear wall reinforced with SMA and steel bars
T were cyclically tested to failurd@he walls were tested in a cantilever fashion, with no external
axialloads applied (Fig2.13(a)).

The specimens were slender shear walls with aspect ratios (teighith) of 2.2.In terms of
behaviorand failure mode, the walls were designed to resist lateral loads withlinighty and
were provided with adequaterimontal reinforcement to eliminate shear modes of failure. In terms
of vertical reinforcementspecimens had an identilyabistributed reinforcement with a ratio of
0.5% while the concentrated reinforcement of the two specimens was différentnnovave
shear wall was detailed with four #4 (12.7 mm) NEIMA bars at each boundary elemerie
SMA reinforcement bars had a length of 1@®, with 50 mm below the foundation and 950 mm
above the base crossing the entire length of the plastic Aihge3VIA bars were coupled with
15M (16.0 mm) steel rebars by mechanical sleeves (Zap Scewlok®&mparison, the RC wall
had four 10M (11.3 mm) steel rebars per boundary eletsat, four bonded 10M doweling bars
were placed at the interface of each oftthe wall panels to increase the strength against sliding

failure. Figure2.13(b) shows the reinforcement detailing of the walls.
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Figure2.13. Shear wall test performed by Abdulridha (a) test seftysteel rinforced wall
(c) steelSMA reinforced wal(Abdulridha 2013)

The cyclic responseof the shear walls (Fig2.14) indicate that both the walls exhibited
comparable amounts of strength, initial stiffnes®l displacement capacitycan be seen that the
wall reinforced with steel and SMA bars showed improvedcaitering at the end of each cycle.
According to the figure, setfentering in the first excursion of each cycle is more pronounced than

in thesecond excursion, which can be attributed to the asymmetric damage sustained at each side

of the specimen.
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Figure2.14. Hystereticresponse of shear wallg) steetreinforced (b) steetSMA reinforced
(Abdulridha and Palermo 2014
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Figure2.15 presents the setentering performance of the st&MA reinforced wall in terms of
the recoverable percentage of thectility ratio versus the ductility ratid.he figure is based on

the performance of the wall in the first excursion of each cycle.
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Figure2.15. Response characteristics of shear wall specirgfmsulridha 2013)

Figure2.16 illustrates the effect of loading repetition on the wall strengths, by showing the peak
strength of second cycles normalized to that of the first cy€hes figure also shows the failure
sequences of the ste®MA wall, by indicating the order rebars tuped during the testind\s it

is clear from the figure, the rupture mfiesteel rebar at the ductility level of about 3 triggered the
failure, which was followed by the rupture of another rebar and finally an SMA bar.
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Figure2.16. Response characteristics of shear wall specirf@ngulridha 2013)
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Damage in thesteetreinforced wall was distributed throughout the wall panel (Bigj7(a))
resulting in less severe damage within the plastic hinge of the spe&egardinghe steelSMA
reinforced wall first, a horizontal crack was formed at the elevation of 380 mosécto the
location the dowel bars had endetiie crack then propagated all the way through the wall and
changed thdehaviorof the wall to more of aigid-body motion as the testing continuéd.the

left side of the crack (Fig2.17(b)), the crushing & concrete andhe buckling of SMA bars

occurred.

In can be concluded from Fig.14(a) that the SMA bars did not reach their full capacity before
the rupture of steel rebars the figure shows no evidence of pgilding overstrength in the
respons®f the steelSMA reinforced shear wall, which would indicate that the SMA barsaid
enter into a strakmardening rangelhe early rupture of the steel rebars can also be attributed to
the formation of the wide crack that occurred at the height of 380mthe wall.The opening of

the crack caused increased strain demands on the steel bars crossing the crack.

Figure2.17. Posttest state of conventional (left) and st8MA reinforced shear wall (right)
(Abdulridha 2013)
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2.3.2GFRP Reinforced Concrete Shear Walls

In 2013, Mohamed et a(Mohamed et al. 2014h)ndertook a study on slender shear walls
reinforced GFRP bard’he main goal of the study was to investigate the adequacy of seismic
performance of concrete shear waksnforced with GFRP bars rather than steel rebEng.
experimental program was designed to assess if GFRP reinforced walls were able to achieve
required levels of strength and lateral deformation while avoiding brittle failure mdidesthe

energy disipation capacity of the walls was investigated.

Four shear walls were tested. Three of them were entirely reinforced with GFR®likrshe
last one was a hybrid GFRP/steel specinkégure2.18 illustrates the test setup and the outline of
the specimes. The walls were tested under displacement reversals while carrying an axial load

ratio (ALR) of 7%, applied through two petgnsioned rods.

Constant axial loading Actuator

7% of axial capacity

Lateral cyclic Lateral

loading (K ]
P e N bracing
~ETt
N b
200 4 Transfer steel beam
Shear-wall
§ ] specimen
- « »
350 Axial-load
Dywidag bars
A
350 : 3
2000 Base Dywidag bars
A : <
8 : 350 ¢
e~ : :
v # = 1200
2700 ¥
< >
() (b)

Figure2.18. Specimens tested yohamed2013)(a) dimensions(b) test setup

Since the aspecatio was the parameter of the study, the lehgthas determined 150@m for
specimens ST15 and G15, while specimens G12 and G10ylddl200 mm and 1000 mm,
respectivelyThe reinforcement layout of the specimens is shown in2Fi§. Thespecimen ST15

and G15 were designed to have similar axial stiffness (EA), and the other GFRP reinforced walls

were designed to have similar reinforcement ratios to the G15 wall.
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Figure2.19. Reinforcanent layots of GFRP reinforced specimefidohamed 2013)

The top displacement versus base shear response of the specimens is illustrat2@ Aligthe

GFRP walls reached their calculated flexural strength, with no indication of brittle modes of failure
such as shear atiding shear failuref-or the steeteinforced wall (ST15), the progressiontbé
damage consisted of cracking, reinforcement yielding, cover spalling, reinforcement haciding
finally, concrete crushing at toéhe failure of the GFRP walls was iaited by concrete cracking,

cover spalling, and ultimately occurred by crushing of concrete and then rupture of the outermost
GFRP bars.

Regarding the energy dissipation capability of the specimens, all the GFRP reinforced walls

dissipated relatively lolmmounts of energy since the response of the walls were dominated by the
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guastlinear behaviorof the GFRP barsLow energy dissipation is not a desirable feature of
seismieresistant structural systemblowever, the GFRP walls exhibited a significant -self
centering ability, which is attributed to tbehaviorof GFRP material, and the axial loads, which

promote crack closure.
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Figure2.20. Cyclic behaviorof specimengMohamed et al. 2014b)

The damaged state of the specimens after the completion of the test is illustrate@.RilHigis
seen that therackingis distributed through the two thirds the heighthe walls, which helps to
avoid damage concentration at the lower heights of the Waléscrushing of concrete at the toes

of the specimens is also apparent.
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Figure2.21. State of shear wall aftéesing (Mohamed 2013)

Ghazizadel{2017) performed astudyon low-rise shear walls detailed with hybrid longitudinal
reinforcement and SFRChe study consisted of testing two shear walls with an aspect rdtio. of
The specimen termed control wall was a wall madé wonventional reinforced concrete, while
the hybrid wall was ateelreinforced SFRC wall detailed with GFRP badfigure2.22 shows the

reinforcement layout of the specimens.

Control wall 4n{bHaAN Hybrid wall qo|bRan
——1-1840mn = —1-1800mn— . Each wall has two
— layers of shown
15m ] 1 g;lg:ﬁ% = B 1 | vertical reinforcement
@240mm . E/ —
15M 1800mm #5 GFRP~] : 1800mm
@15omm|[_] - 10M @TsmE)E =4 | 15M bar cameter = 16 mm
- - E/ — 10M bar diameter = 11 mm
15M —~1 15M —1 — #6 bar diameter = 19 mm
@300mm f— - @300mm E E walls thickness = 150 mm
Hu caicrﬂ :cuwcaich

Figure2.22. Reinforcement layout of specimeftShazizadeh 2017)

The specimens were tested under cyclic loading with no axial load agpiede2.23 shows the
hysteretic responses of the specimeiks.can be seen from thegure, the hybrid wall had
comparable strength and energy dissipation capacity to the control wall while illustrating improved
self-centering.The ratio of the residual displacement to maximum displacement at the last cycle

was 0.5, and 0.63 for the hytrand control wallsrespectively.
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Figure2.23. Hystereticresponse of specime(Ghazizadet2017)

As can be observed from Fig.24 the hybrid wall detailed with SFRC showed enhanced damage

mitigation in comparison to the control wallhe hybrid wall had narrower cracks and less

spalling.

Figure2.24. Damaged state of specimgi@&hazizadeh 2017)

2.3.3PostTensioned Shear Walls
Cheng and Mand€i997)introduced the concept of damaapoiding design (DAD)Figure2.25

explains the concept with three RC shear viadisonventional monolithic RC wall, a ps&ressed
wall (with no continuous mild steel), and a partially-pteessed wall (with continuous mild steel).
After a large load reversal, the monolithic RC sheall Was a considerable amount of residual
displacement and cracking, while the gteessed and the partially pgessed walls have
negligible residual displacements, with only a limited or negligible amount of crackirey.
strands provide restoring foes that return the wall into its original position, minimizing
permanent lateral deformations.
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Figure2.25. Cyclic response of reinforced concrete w@Hslden et al. 2003)

In terms of energy dissipatipthe conventional, monolithically built wall showed superior energy
dissipation properties, while the psressed wall almost dissipates no energy. The partially pre
stressed wall, on the other hand, shows acceptable levels of energy dissipatiorsidital re

displacements and limited cracking altogether.

Schultz et al(1998)conducted an experimental study on jointed precast shear(wiglls2.26)

The study includethetestingof a precast podensioned shear wall under cyclic lateral load and
overturning momentAs explained in the complementary studyExkmen and Schult¢2009)

the shear wall was poestnsioned by six bars with a diameter of 16 %) (The posttensioning

bars had a strength of 1124 MPa and were stressed up to 60% of their strengths (69 MPa).
shown in Fig.2.27, the hysteretic response of the specimen illustrated insignificant amounts of
residual drift ratio upotheun-loading of the specimeithe origiroriented hysteretic response of

the specimen translates into high levels of-sefftering and limited digsating energy capacity

of the shear wallThe available energy dissipation capacity of the specimen was sourced from the

yielding of the postensioning bars.
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Figure2.27. Hysteretic resul(Schultz et al. 1998)

Holden et al(Holden et al. 2003lso performed a study dhe seismic performance of precast
concrete shear wall3he study included testing two shear walls with identical geomefries.
control specimen (unit 1) was a precast RC wall restrained rigidly to its foundation to emulate the
response of a&astin-place shear wallThe innovative specimen (unit 2) was a precast-post
tensioned shear wall detailed with two CFRP tengdand twobonded mild steel rebarahich

served as energy dissipatatso, steefiber reinforced concrete was used instead of conventional

concrete for damage mitigation purposése CFRP tendons had a peak strength of 2289 MPa
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and an elastic modulus of 166 GH#&e energy dissipater rebars were two bonded 20 mm in

diameter rebars milled down to a diameter of 16 ower a lengthof 165 mm.The precast post

tensioned shear experiment is illustrated in Eig8.

Load cell

Ram for postensioning .~ Double-acting
actuator

Supports for external
posttensioning system|
simulating additional
axial load

80 x 40 mm flat ducts for
3 x 5.5 mm carbon rods

Lateral restraint beam

foundation beam ‘

[ 4960 I 3620

Figure2.28. Posttensioned specimen at test setdplden et al. 2003)

Figure2.29 shows the hysteretic responses of the control and the innovative sheafsveds.
be observed from the figure, the control specimen had wide cycles resulting in high energy
dissimtion and considerable residual drift ratios due to the reinforcement yie@imthe other
hand, the innovative specimen featured narrow cycles, which translate into limited energy

dissipation and small residual drift ratios.
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Figure2.29. Hysteretic response of speciméhlden et al. 2003)
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Figure2.30 shows the residual drift ratio of each specimen versus the peakslitfis seenthe

innovative specimen had insignificant residual drift ratios in comparison to the contiohepe

rv-s

Residual drift (%)

L

-

Peak drift (%)

Figure2.30. Residualdrift of specimengHolden et al. 2003)

Regardingenergy dissipatiosapacity, Fig2.31(a) illustrates the equivalent viscous damping of
the specimens during the teAs mentioned, the high residual drift ratio and energy dissipations
of the control specimen were due to the yielding of vertical reinforcefenthe inneative wall

the only source of dissipating energy was the energy dissipater bonded rebars, which caused a

limited amount of energy dissipation.

Figure2.31. (a) Equivalent vissus damping o$pecimens(b) cracking of unit 1 at drift ratio of
2.5% (c) cracking of unit 2 at drift ratio of 3%#Holden et al. 2003)
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Figure2.31(b), (c) showthe damage that the control and the innovative specimens sustained at
the drift ratios of 2.5% and 3%espectivelylt is apparent thathe control specimen sustained
extensive damagéencluding flexural and shear cracks accompartigdpalling. The innovative
specimenon the other handuffered no perceptible damage.

Kurama (2005) performed astudy on seismic design of partially pensioned precast shear
walls. The study numerically simulated the cyclic and seidneisaviorof two similar sixstory
shear walls with bonded vertical reinforcemantthe boundaries and unbonded gessioned

bars in the middleOne of the shear walls termed PB® is illustrated in Fig2.32.
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Figure2.32. Shear wall PPBO scheme androsssection(Kurama 2005)

The cyclic response of the specimens features significanteseiéring and desirable energy
dissipation levelgFig. 2.33) Regardingthe energy dissipation, as the mild steel bars stasted t
yield (drift ratio of 0.3%)the relative dissipated energy of the shear wall surpassed 0.125%, which
according taGhosh et al(2004)is the lowerbound for adequate energy dissipatidhe energy
dissipation capacity increasbg up to 30% as the roof drift went on to the ratio of 2%e study

also showed that in comparison to monolithically built walls, partially-fystioned shear walls
require les amount of mild steel since the pashsioning reinforcement and the ptetsioning

forces participate in the stiffness and strengthrattant of the walls.
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2.3.4ECC Shear Walls

To t he aut h,ahe énlyavkilabte\izCCGstegravall experimental test in the litersture
thatperformed byNagai et al(2002) which explored the shear strength of walls cast with ECC.

The study included testing three cantilever ECC shear walls digfgacement reversals while

carrying a gravity load of 90KN. The specimens were levise, with a heighto-width aspect

ratio of 0.58, and designed to fail in shear, which is a brittle mode of failneawall panels were

made of ECCwhile the rest othe specimens was cast with normal concrBte. test studies the

strength of the shear walfer differentwa | | reinf orwe®Onesh 0.2, os ()
$ws3=0.64%), wall thicknessesw§:=75 mm, s=75 mm, Ws3=50 mm) and the anchoring

methods of horizontal reinforcing systems.

The shear force drift response of the specimens is shoW@t84n The shear strengths of the
specimen were determined and compared to the shear strengths of identical normal coacrete she
walls. The comparison showed that the ECC walls featured 15% to 20% more shear strength than
the concrete wall#Also, the ECC panels formed numerous fine cracks indicating the participation

of ECC in resisting tensile stresses (A@5).
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Also, Li et al. (2014)conducted an analytical study exploring behaviorof framed ECC shear

walls. First, an analytical biaxial material model of ECC wlaseloped in OpenSe€khe stress

strain relationship of the material is shown in RR@6. Then the material model was used to
simulated the response of two ECC shear walls identical to SW4 and SW13 reinforced concrete
shear walls tests B$ao0(1999) Regardinghe RC specimens, SW4 had more reinforcement ratio

and higher axial load ratio than SWIhetest results showed that SW4 had a brittle response,
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while the behavior of specimen SW13 was more du@@ko 1999)The response of the RC and

ECC walls is shown in Fi.37.
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Figure2.36. Stressstrain relationship for EC(Li et al. 2014)

As illustrated inFig. 2.37, using ECC instead of normal concrete increased the ductility of both

shear wallsln addition, using ECC notablycreased the levels of lateral load resistance and

energy dissipation capacity of the walls as the ECC shear walls dissipated four times more energy

was in respedb concrete walls.
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Figure2.37. Cyclic behaviorof (a) SW4 wall detailed with concrete and EG) SW13 wall
detailed with concrete and EQCi et al. 2014)
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2.3.5SFRC Shear Walls

Athanasopoulou and Pafnaontesinog2014)investigated the seismiehaviorof low-rise shear

walls detailed withhigh-performancdiber reinforced concrete (HPFRClJhe main objective of

the study was to evaluate theerformance of lowise HPFRC shear walls with simplified
reinforcementThe study included testing of nine largeale cantilever reinforced concrete and
HPFRC shear wall§.he walls were tested under cyclic horizontal loading with zero applied loads
axid. In terms of drift capacityHPFRC walls demonstrated comparable performance than normal
concrete walls even with their confining reinforcement being elimin&iddct, the HPFRC walls

with relaxed reinforcement details illustrated drift capacity of t8%3% under moderate shear
reversals@® /), while it was approximately 2.3% for RC walls.terms of sustained damage,
HPFRC also walls formed more cracks with smaller widths and sustained less spalling in
comparison to RC specimeisgure2.38 shove the reinforcement layout of two specimérse
reinforced concrete and one reinforced SFRCtested by Athanasopoulou and Parra
montesinog2014) Figure2.38(a) shows the reinforcement detailing of the RC specirkégure
2.38(b) as well shows the reinforcement detailing of the reinforced SFRC specimen, which is

simplified with respect to the RC specimen.
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i . D-5@75 ] H -~ D-5@100
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H 2419M 5 . 1 #13M@i00

1000 1000
(a) (b)
Figure2.38. Reinforcement layout of specim®(a) detailed with concrete (b) detailed with

SFRC(Athanasopoulou and Parmaontesinos 2014)

The tysteresis of the specimens is shawirig. 2.39. According to the figureeven thougtihe
SFRC wall had simplified reinforcement, both specimens showed comparable responses in terms

of strength and drift capacityhe results also showed that the strertgradation in the SFRC
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wall was less critical, as the wall sustained mitigated damage during thieiges&2.40 shows
damage to the specimens at the end of the experisrnit.is clear from the figure, damage
included spalling and matrix disintegiat to the RC wall was severe, while the reinforced SFRC

wall just formed several fine cracks.
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Figure2.39. Hysteresis of (a) concrete walb) SFRC wall(Athanasopoulou and Pasra

montesinos 2014)

Specimen RC-H-1.2 at 1.9% dift Specimen FRC(HS)-H-1.2 at 1.9% drift
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Figure2.40. Damage to (a) concrete walb) SFRC wall(Athanasopoulou and Pafnaontesinos
2014)
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2.3 Testing Methods

Several types of tests have been developed to investigate the performance of shear wall systems
under static and dynamic loa&nce the type of testing influences the applicability of the obtained
results and conclusions, it is convenientewview the most common test methods for shear walls

briefly.

2.3.1Shaking Table Testing

A shaking table is a computeontrolled system used faimulating earthquakes in laboratory

settings Shaking table systems can have up to six degifdeeedom, on which structural systems

can be studied at the componemtd systertevels.Testing structures on shaking tables provide
the researchers with kble dataincluding structure displacements, velocitigsd accelerations

at selected locations.

Figure2.41 shows a fulkcale, fourstory RC structure tested blagae et a2015) The structure,
which was designed to the magtrrent US seismic design provisions, was subjected to North
South, EasWest and vertical componesitof JMA-Kobe and JRTakatori records of 1995
HyogokenNanbu earthquakéhe input wave of the test was assigned to be a sequence of the
JMA-Kobe records wh scaling factors of 10, 25, 50, and 100% accompanied byabk@tori
record scaled to 40 and 60%uring the test, the structure underwent lateral story drift ratios of
4% or higher. However, the structure satisfieelcollapse prevention performanceét which is

in line with the design objectives of current seismic codegure 2.42 shows the hysteretic
response of the structure under JMAbe records with scaling factors of 25%, 50%, and 100%.
According to the figure, the structure retained 2%esfdual drift after deforming up to the drift

ratio of 3%.Figure2.43 shows the damage in the shear walls of the structure.
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Figure2.41. Seismic testing of &ull-scale 4story structure on shacking taljiéagae et al. 2015)
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Figure2.43. Damagdn walls of structuréNagae et al. 2015)

Martinelli and Filippou(2009)studied the performance affull-scale, sevestory RC structure
under a series of four earthquakes with increasing intenHitg. test results indicated good
agreement between the predicted and measured respons&A@id.he structure was modeled
in a twodimensional space ung bearmcolumn elements with &ber crosssection, and with
considering the interaction between the axial force and bending mohemtthe study pointed
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out the limitations ofiber crosssection models, sindé&er crosssection models were not alite

accurately captureondslip properties in RC members.
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Figure2.44. Experimental and analytical response history resulseweénstory structure
(Martinelli and Filippou 2009)

2.3.2Hybrid Testing

Hybrid testing is a technique to test large scale strustinger seismic loads in a cestfective

way as using hybrid methods eliminates the need for incorporating large masses into experimental
setups.in this method, only structural elements with compbekaviorare modeled physically,

while the rest of the structure is modeled numericading computefinite element programs.
Figure2.45 demonstrates the notiontbe hybrid testing method in a study performed on a-half
scale steel frame substructure to iniggge the seismic performance and collapse mechanism of
the structurgDel Carpio Ramos et al. 2014)he results were as well used in assessing the

accuracy of computgrrograms in predicting theehaviorof the frame as it collapsed.
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Figure2.45. Hybrid testing of a frame structu¢(Bel Carpio Ramos et al. 2014)

According toWhyte and Stojadinovi2012) at each time steparthquake load is applied to the

finite element model of the structufBhaen an integration method is used to solve the governing
eqguation of motion of the structure (Efj1). The equation is solved for a target displacement, to
which a set of computerontrolled hydraulic actuators move the desired substructhen, the
reactions of the physical substructure are recorded and transmitted to the computer system to be
used in the calculations for the next time skégure2.46 demonstrates the procesfismatically.
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Figure2.46. Hybrid testing metho@wWhyte and Stojadinovic 2012)
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Regarding shear wallgyhyte and Stojadinovi(2012)simulatedtwo identical thick squat shear

walls (Fig.2.47). Since the walls were to be used in a sensitive structure, hybrid testing was used
to obtain the seismizehaviorof the walls under a series of earthquake excitatibms walls were

200 mm thick, 3000 mm long, and 1650 mm hiGhe reinforcement of the Ws was distributed

in two curtains with a ratio of 0.67 in both the horizontal and vertical directiang1g the hybrid

test, walll was subjected to a series of earthquakesamithcreasing intensitywhich consisted

of an operational basis earthqedqlOBE), a design basis earthquake (DBE), a beyond design basis
earthquake (BDBE), and finally a DBE aftershotke wall 2 was subjected to an OBE, a BDBE,
and two DBE aftershocks consecutively. OBE, DBE, and BDBE accelerograms were assigned as
Kocaeli, Turkey earthquake record scaled to 0.05263, 0.1407, 0.ZR21seismic responsef

the specimens during DBE and DBER ahown in Fig2.48.

Figure2.47. Hybrid testing of a shear wall specim@iihyte and Stojadinovic 2012)
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Figure2.48. Response of specimensder (a)DBE aftershocK, (b) BDBE records
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2.3.3Cyclic Testing

The cyclictest is an alternative way to identify the characteristics of structural elements as well as
to predict their seismic performance and ktegn durability.In general, cyclic tests reveal the in
plane response of structural elements il and oubf-plane displacements being restrained.
The inplane lateral loads are applied in a fecomtrolled fashion before yielding when the load
steps can be chosen more conveniemilffer yielding, the tests are usually continued in a
displacementontrolled wayDepending on the used protogeéch cycle is repeated two or more
times, while the amplitude of the cycles follows an ascending ma@gelic tests allow for the
identification of properties such as yield displacement, uténdésplacement, stiffness, strength,
residual displacements, hysterebehavior and energy dissipation capacity of a structural
member Regardingdynamic effects, the influence of the strain rate on the strength and stiffness
of both concrete and stesdnnot be captured in a quasatic test; however, those effects can be

approximated through empirical relationships available in the literéiuieer et al. 1998)

2.3.3.1General considerations

Due to the limitations and constraints of available resources,,aftes not possible to
experimentally study thieehaviorof an entire shear wall buildinghe alternative is to investigate

a single wall or a portion of it, sometimes including the effects of the connections to other structural
elements, such as slabs and beams, through suitable boundary conditions. Applied loads such as
gravity and lateral lads are simulated with actuators and appropriate fixtures, and base fixity is

commonly simulated using foundation blocks bolted to heavily reinforced slabs.

If only a portion of a shear wall structure can be studied, it is convenient to select the sfigment
the wall that exhibits more clearly the structutehaviorunder study.For instance, in a
cantilevered, slender wall dominated by flexurahavior the bottom of the wall will be a critical
region since the plastic hinge will develop theZdoosingthe bottom of the wall as a testing
specimen will allow a comprehensive investigation of the nonlinear response of the steel and
concrete materials, their damaged state, and associated failure Bodesitly, the test setup
should include theffects of the upper wall segment, such as gravity loads and moments at the top

of the specimen.
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Most RC shear wall tests such are conducted under-figed(singlecurvature) boundary
conditions, while a very fe\iHidalgo et al. 20023re tested under fixefiked conditions double
curvature), as shown in Fig.49. Singlecurvature tests are appropriate to investigate the flexural
and flexuralshear responses, while doublervature setups are suitable for the study of shear

critical structures.
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Figure2.49. Test setup used ifiHidalgo et al. 2002jo study shear failure of shear walls

To determine what type of test is most appropriate for the study of the innovative shear walls
investigated in this project, it is convenienti&scribe the mechens of RC buildings under lateral
loads briefly Frame structuregenerallyexhibit shearinter-story deformations, characterized by
doublecurvature bending in the columns betwestaries In contrast, buildings that incorporate
shear walls as a primargdd resisting system develomstlyflexural deformationswith aplastic
hinge regionforming along the lower stories his behavior issimilar to that of a cantilevered
element to a great exterftor this reason, fixefree boundary conditions are often used to
investigate the flexural response of shear walls, which is the scope of thislstadyted that
depending on the distribot of mass and stiffness in the building, and the interaction between
shear walls and the companion frame system, it is possible thiéhlagiorof a building with
shear walls deviates from that described above.
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2.3.3.2Axial Load

Another important aspeof the experimental testing of shear walls is the level of axial load applied
to the specimens\ review of the literature shows that the level of axial load used in wall tests
falls in one of the following three categories: zero, low (below g.2Bor high (ranging between
0.250.5A4f P (Su and Wong 2007Axial loads in shear wall tests are often applied through
actuators exerting a downward force at the top of the specimen or thposgiensioned bars
installed between the loading beam at the top of the wallhendgid foundation (Fig2.50). The

issue with postensioned bars is that they tend to provide restoring forces that return the specimen
to its original positionUsing pinneebinned hydraulic jacks at the top is more appropriate for

applying gravity érces since no restoring forces are created.

Figure2.50. Applying axial force with (a) hydraulic actuatqzhang and Wang 2000(b) post
tensioning rod¢EscolaneMargarit et al. 2012)

Generally, in RC elementthe presence of axial loadsreasedlexural capacity andtiffness

butit reduceductility by causing early crushing of the concrete at the compressive r8gimmd

order effects also are produced by axial loads on laterally deformed structural elements, imposing
additional déormations and forcedDepending on its value, the presence of an axial load can

increase the shear capacity of concrete elements as they tend to close existing cracks and can
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increase the shear forces needed to cause cfa@kk closure also promotedfseentering of the

laterally loaded RC elements uportioading.If the axial load is high (i.e., greater the&! A,

there will be a reduction in the flexural strength and surely ductility due to the early crushing at

the toes of the shear wall, whithe longitudinal reinforcement in tension may not yield in tension.

Shear walls carry different levels of axial loads dependirte type of structure, building height,
distribution of walls on the plan floor, etc. Gravity loadshe walls of lowrise buildings are
usually small, and tests this type of structure are often conducted with no axial Idaevever,
the axial loads in highise buildings located in neseismic areas can be as high as gf.e#Zhang
and Wang 2000)As explained above, these walls would fail at miaker ductility ratios in
contrast to the walls with low or without axial load$ie failure modes of these shear walls are

either toe crushing avut-of-plane bucklingFigure2.51 presents the cyclic response and failure

mode of two shear wall specimens with identical dimensions and vertical reinforcement layouts

while carrying different axial load ratios (ALR) of 25% and 5@%.the ALR doubled fsm 25%

to 50%, the lateral strength increased marginally, but the ductility was substantially declined. The

wall with higher ALR fails in a brittle way without of plane buckling instead of toe crushing.
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Figure.2.51. Cyclicresponse and failure mode of two shear walls with axial load ratios (a) of
25% (b)50%.(Su and Wong 200©€ontinued
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Figure 2.51. Cyclic response and failure mode of two shear walls with axial load ratiof (a)
25%, (b)50%.(Su and Wong 2007)

Therefore, tests that do not include the presence of axial loads cannot account for the ductility
reduction, secondrder effects, or oubf-plane buckling failure mode®©n the other hand, the
absence of axial loads permits the inglegent evaluation and assessment of thecselfering
capacity provided by the innovative reinforcement schemes investigated in thisR#seéprch

has shown that the effects of axial load can be included through analytical means, such as the
finite-element analysigMaciel et al. 2016)

2.4 Conclusion

As discussed above, innovative materiate used in different structural elements to mitigate
damage in the elements and improve their performance under cyclic and seismiddvezisger,

it seems that researchers usually focus on improving one damage indicator, such as permanent drift
ratio or correte damage, while overlooking the other. This research project employes bath fiber
reinforced cementitious composites and-selfitering reinforcement to reduce concrete damage

ad increase selfentering properties in RC shear walls.
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CHAPTER 3 REINFORCED CONCRETE SHEAR WALLS DETAILED
WITH INNOVATIVE MATERIALS: PERFORMANCE

3.1 Abstract

This chapter presents the experimental results of a pilot study performed on the seismic
performance of three types of damagsistant, slender reinforced concrete (RC) shear walls. The
study explored three innovative schemes for the mitigation ofgaotquake daage, including
permanent lateral deformation and concrete damage, in RC shear walls. Each innovative shear
wall had an aspect ratio of 2.0 and was reinforced with a hybrid reinforcing system consisting of
mild steel and a type of setkntering reinforcemm such as shape memory alloy bars, glass fiber
reinforced polymer bars, or higdtrength steel strands. To mitigate concrete damage, the walls
were detailed withfiber-reinforced cementitious composites, either engineered cementitious
composite or steeilder reinforced concrete. The specimens were supported as cantilevers and then
were tested up to failure under psestatic, cyclic loads. As test results showed, the innovative
shear walls had smaller residual drift ratios and mitigated dacmeyparedd a conventional RC

shear wall. The innovative walls also showed significant levels of energy dissipation and ductility

throughout testing.

3.2 Introduction

According to seismic rehabilitation guidelines for buildings,,&gMA 273 (1997)and FEMA

356 (2000)theperformance level of a structural element such as an reinforced concrete (RC) shear
wall can be assessed with two indicatorgha)amount of permanent and transient drift ratios of

the element, bihe extent of damage, such as crack width, concreteiogysind reinforcement
buckling sustained by the element. To enhance the seismic performance of RC structures, these
damage indicators must be reduced. One option is to overcome the limitations of current RC
structures by using innovative details and makgrwhich offer higher performances and damage

resilience properties.

Recent studies undertaken by Saiidi and Wang (2006), Saiidi et al. (200€yuemdoguez et al.
(2012)demonstrated that detailing the plastic hinge region of a bridge pier with-steapery
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alloy (SMA) bars and engineered cementitious composite (ECC) will enhance the seismic
performance of thetmictural element by reducing permanent deformations and mitigating
concrete damage. Partially pasnhsioning of bridge piers was also another innovative scheme
studied bySakai and Mahin (2004andCruz Noguez et al. (2012Yhe studies illustrated the
superior efficiency of the scheme in reducing permanent deforrsatioough comparison with

piers with no postensioning. However, it was shown by the latter study thattpasioned piers

can sustain substantial damage within their plastic hinge zones.

In regard to building structure8lam et al. (2009, 2012)xplored the seismic performance of RC
frame structures detailed with SMA bars within their plastic hinge locations. The studies showed
that innovative frames reinforced wiMA could effectively recover their lateral drift ratios.
Abdulridha and Palermo (2014}udied the cyclic response of a slender steel RC shear wall
detailed with SMA bars within its plastic hinge region. Test results showed that despite suffering
serious damage along its plastic hingggion, the steeéBMA reinforced shear wall had a

substantial sel€entering characteristic.

Mohamed et al. (2014tudied the seismiceavior of three concrete shear walls reinforced with
glassfiber reinforced polymer (GFRP) bars. The walls were similah@reinforcement ratio but
different in length and aspect ratio. As test results showed, the GFRP reinforced walls reached
satisfactory levels of deformability, substantial selfiteringand improved resilience in terms of
cover spalling while avoiding brittle modes of failure. On the other hand, the fully GFRP
reinforced walls had insignificant levels of energy dissipatia@omparison to a control RC shear

wall due to thdinear elastidoehavior of their GFRP bars.

Holden et al. (20033tudied the seismic performance of a precast steel fiber reinforced concrete
(SFRC) shear wall detailed with two pa@shsionedendons and two energy dissipater bars. The
precast wall showed significant seléntering and damage resilience due to its rocking motion.
Nevertheless, the specimen had insignificant levels of energy dissipation due to the absence of

continuou$y bondedrebars across the joint of the shear wall.

This chapterillustrates the results of an exploratory investigation with the general objective of

improving the seismic performance of slender RC shear walls. Given the fact that each of the
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mentioned studies weaocused omnepart ofthe solution, this study was aimed to improve the
overall performance of RC shear walls by reducing permanent drift ratio and concrete damage in

RC shear walls while providing the walls with significant levels of ductility andygrdissipation.

In thischapterthe responses of three innovative shear walls with identical geometries, boundary
conditions and loading protocols, but different innovative materials and details, are investigated.
Then, the improvement in the seismiafpamance of each innovative wall over a conventional
RC shear wall is discussed in termsaafecrease in the amount of two key damage indicators:
concrete damage and residual drift ratios. The innovative shear walls were reinforced with mild
steel rebareind selfcentering reinforcements such as SMA bars, GFRP bars, andthegigth

steel strands. The shear walls were also detailed with a tyfibeofreinforced cementitious
composite (FRCC) for being more damage resilient. In the following secti@spthined test
results are discussed in terms of hysteretic response, ductility, damage propagatienteseifg,

and energy dissipation in the innovative shear walls and a control RC shear wall.

3.3 Experimental Program
3.3.1Material Properties

The materialsised in this study can be classified into two categériesnforcing materials and
cementitious materials. 10M mild steel b&S,GFRP bars, #MiTi bars (SMA bars), antigh-
strength sevewire steel strands with a diameter ofrhgh were therarious types of reinforcement
used in the construction of shear walls. The tensile s$tesi® relationship of each type of
reinforcement is illustratedn Fig. 3.1. The stress calculations of the reinforcements were
performed using the nominal diameterd crosssectional area of each type of reinforcement,

whichis summarized in Tablg.1.
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Figure3.1. Tensile stresstrain relationships of various types of concrete reinforcement

Table3.1. Mechanical properties of satentering reinforcements

Size Elastic  Nominal Nomin Yield Ultimate
Self-centering
Modulus Diameter al Area Strength Strength
Reinforcement
(GPa) (mm) (mn) (MPa) (MPa)

GFRP #5 62.6 15.9 199 N.A. 1150
HS steel 13 mm 195 12.7 98.7 1670 1860
NiTi #4 27.4 12.7 127 330 890

aEffective diameter and crosectional area (including coating) are 17.3 mm and 235 mm

(according to the manufacturer)

In addition, theeffective diameter and cresgctional area (including coating) of #5 GFRP bars

are shown in Tabl8.1. As can be seen, the effective diameter and area of #5 GFRP bars were
larger than the nominal diameter and area of the bars due to the fact tBeRRéars were sand

coated. For this reason, the stress resistance properties of #5 GFRP bars were associated with their
nominal area rather than their effective area as the coating of the bars does not effectively
participate in the resistance of tensteesses. According to the manufacturer, #5 GFRP bars had

an elastic behavior with an ultimate strain of 2.1%l @thimate stress of 1150 MPa and a stiffness

value of 62.68GPa.
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In the case of #4 NiTi bars, mechanical properties of a 500 mm long #4 blilpon specimen

were determined in accordaneigh ASTM F251614 (2014) The NiTi bar had an elastic behavior

up to about a strain of 1.0%, which was correspanttnan elastic modulus of 27GPa. Then,

the bar exhibited a stress plateau up to a strain of 6% with an upper plateau strength (UPS) of
330MPa, and a lower plateau strength (LPS) of MBxa (ig. 32). For strain values of 6% or
smaller, the NiTi bar ecovered its elongations upon unloading (stghesticity). However,
beyonda 6% strain, the bar showed strain hardening and started to retain residual strains after
unloading. The tensile strain capacity of the NiTi bar was 10.5%, which was corresptnding

stress capacity of 89@Pa.

Stress (GPa)

0 2 4 6 8 10 12 14
Strain (%)

Figure3.2. Cyclic stressstrain relationship of a #4 NiTi bar and a 10M steel bar

The used higistrength steel strands had yiedthd ultimatestressvaluesof 1670MPa and
1860MPaq and a stiffness value of 195 GR&cording to the manufacturén. the case ofmild

steel bars, Tabl8.2 shows the average properties of the 10M and 18l sebars used in the
construction of each speciménCW (control wall), GFRFECC, PPTSFRC, and SMASFRC.

The properties of the mild steel rebars were determined through the testing of three 500 mm long
coupon specimens for each group of reinforcemactording to annex A9 ASTM A370-14

(2014)

55



Table3.2. Mechanical properties of mikteel reinforcement

Elastic Yield Ultimate
Specimen Size Modulus  Strength  Strength

(GPa) (MPa) (MPa)

Ccw 1o0m2 184 421 634
GFRRECC 10M 173 415 626
PPT-SFRC 10M 173 415 626
SMA-SFRC  10M 184 421 634
SMA-SFRC  15M° 191 439 617

a8 Nominaldiameter and crossectional area are 11.3 mm and 100%m

b Nominal diameter and crosectional area are 16.0 mm and 2002m

The cementitious materials consisted of conventional concrete, ECC, and SFRC. The fiber volume
fractures of the materials were 0286, and 0.75%espectively. The fibers used in ECC are made

of PVA (polyvinyl alcohol) with a length of 12 mm, a minimum aspect ratio of 300, and a
minimum tensile strength of 1000 MP@Hoi and Lee 2015According to the manufacturer, the

steel fibers used in the SFRC material were ho@ketlwith a length of 56m, an aspect ratio of

55, andatensile strength of 120dPa.

The compressive strengths of the cementitious materials were determined bASTIME39
15a (2015) The average compressive strengths of the concrete, ECC, and two SFRC mixes used
in the construction of CW, GFRECC, PPTSFRC, and SMASFRC shear walls were 48Pa,
38 MPa, 62 MPa, and 51 MPa respectively. In terms of-pesk responsdiber-reinforced

materials exhibited improved compressive strain capacasesan be seen kig. 33.
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Figure3.3. Compressive stressrain relationships of cementitious materials

The tensile properties of FRCC materials were determined through direct tension tests in case of
ECC and foupoint loading tests for SFRC materiaisgure 34 shows the tensile stressain
relationships of three ECC prism specimens. Each specimen hiagan tensile stresstrain

response followed by a plateau, and then a descending segment. The average tensile stress and
strain capacities of the specimens were BIPh and 0.95%espectivelyln contrast, the stress

strain relationship of plain corete only consists of a linear segment since the material rapidly

losses its tensile stress resistance with the formation and propagation of cracks.
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Figure3.4. Tensile stresstrain relationships of thrdeCC prism specimens corresponding to

GFRRECC wall

To identify thetensile propertiesf SFRC,fib (2013)recommends the testing of SFRC notched

beams under foypoint loading tests. The method of testing implies that tensile behavior in SFRC
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