PERFORMANCE OF SHAPE MEMORY ALLOY REHABILITATED BRIDGE COLUMNS
UNDER SEQUENTIAL EARTHQUAKES

BY

DONGHYUK JUNG

DISSERTATION

Submitted in partial fulfillment of the requirements
for the degree dDoctor of Philosophyn Civil Engineering
in the Graduat€ollege of the
University of lllinois at Urbana&Champaign, 208

Urbana, lllinois

Doctoral Committee

AssociateProfessoBassem O. Andrawes, Chair and Director of Resear
ProfessolYoussef M. A. Hashash

AssociateProfessot.arry A. Fahnestock

AsgstantProfessoAhmedE. Elbanna



ABSTRACT

While civil infrastructure systems have played a pivotal role in the provision of essential
services and facilities for human liéad public society, weaknesses of the systems to natural and
manrmade hazards has emerged as a major public concern. As a way to improve the resilience and
sustainability of the current and future infrastructure systems, utilization of new, smart material
such as shape memory alloy (SMA) in civil engineering application has been drawing keen
attention of industry and academi a. Among mat
shape memory effect (SME) demonstrated a great potential in retrofittingr ameghairing
seismically deficient RC bridge columns. In order to gain recognition as an effective seismic
retrofit/repair strategy and systemize its application, however, it is necessary to thoroughly study
the unique behavior of this new material andghitgact on the performance of the structural system
under diverse circumstances. In this research, three main objectives are established. First, a series
of shake table test is carried out to investigate dynamic responses of SMA retrofitted/repaired RC
columns. Two reduced scale (TJaRC cantilever columns retrofitted or repaired with SMA spirals
at the plastic hinge zones are tested under bidirectional seismic excitations at varying levels of
intensity. The dynamic testing is expected to show the reatistsmic behavior of the SMA
confined RC columns which were not able to be captured in the previousstatascyclic loading
tests. Second, this research also numerically studies the seismic performance of a SMA retrofitted
multiple frame bridge whesubjected to sequences of main shaftkrshock ground motions.
Beyond exploring the responses of the columns at the component level, the impact of retrofitting
a single or multiple columns with different levels of confinement pressure on the overall
perfamance of the bridge is studied including interactions with other bridge components such as

abutments or expansion joints. Furthermore, the seismic damage status aedrthgsiake



functionality of the SMA retrofitted bridge after multiple earthquake tsvare assessed. Lastly,
an advanced evaluation method which effectively combines numerical and experimental
approaches, named material testing incorporated (MTI) simulation is newly developed. In addition
to seismic loading, this new method experimentdilyives the realistic material behavior of
SMAs at varying situations affected by chemical and/or thermal changes, and incorporates the

measured data into the numeri cal anal ysi s t
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CHAPTER 1 INTRODUCTION

1.1PROBLEM STATEMENT

Over the course of modern history, despite the advancements in structural engineering,
strong earthquake have resulted imassiveeconomical and life losses due to the catastrophic
failures ofstructues Bridges are among the most critical components in the built infrastructure of
modern societiesAs among the primaryoad carryingbridge commnents,reinforced concrete
(RC) bridge columns are required sustain strong ground shaking while maintaining their
structural integrity and postarthquake functionalityl hat being saigchistorical earthquakes have
revealedhe vulnerabilities omany &isting RC bridge columndesignedrior to1971according
to old sismic design mvisions These bridge columnaere constructed witpoor seismic
detailingwhich does noteetthe minimum level of safetyequirementOne of the major problems
that are ften observed inthese old RC columns ikack of flexural ductility, which is mainly
attributed toinsufficient transverse reinforcemetitat plays a key rolén providing effective
confinemenbf the concretat the plastic hinge zones of the aohs. Under theontinuoughreats
of severe earthquakesgspecially those involving strong sequentialgrourd shaking these
vulnerableRC columns can pose a serious danger to the structural integrity arehptbguake
functionality of the bridge. Therefe, the importance of prearthquake retrofit and pest
earthquake emergency repair technigques to maintain and recover the structural integrity of these

columns, respectively cannot be overemphasized.

Recent earthquakes such as Northridge (1994);GBhi(1999), Tohoku (2011), and
Christchurch (2011) are good examples of major earthquake events with strong afteishocks.

those earthquakes, a series of seismic events occurred in adictaptetime intervalsthat varied



from several minutes tdays On Januaryl7, 1994, a strong seismic excitatioith a moment
magnitude (Mw) 6.7 occurred near Los Angeles as a main shock of the Northridge earthquake.
While the main shock was followed by more than 10,000 aftershocks (Hauksson et al. 1995), the
two largest aftershocks occurred about a minute andadslafter the main shock, respectively,

and both recorded Mgreater than 6.0Thio and Kanamori 199@reger 199Y. During the Chi

Chi earthquake sequenceTaiwan a main shock of Mw 7.6 occurred on September 21, 1999.
Among over 20,000 aftershocks lftaked for more than six months, the largest aftershock (Mw

6.4) occurred on September 25, 1999 (Chi and Dreger 2002). The 2011 Tohoku earthquake, the
most devastating earthquake recorded in Japan, had a main shock of Mw 9.0. Japan experienced
over 1,000 aershocks exceeding Mw 4.0 (Abdelnaby and Elnashai 2014). Especially, the three
largest aftershocks occurred within 40 minutes after the main shock with Mw 7.4, 7.7 and 7.5
(Hirose et al. 2001; Nishimura et al. 2011). In New Zealand, the main shock (Yef 2 2011
Christchurch hit the Canterbury region on February 22, 2011. Several aftershocks exceeding Mw
4.0 occurred on the same day wiitine intervas ranging from several minutes to hours, anel t

largest aftershockMw 6.0) was reported on Jur3, 2011 (Kaiser et al. 2012Y.he previous
historical earthquakes have shown that, subjected to those impending and continuing earthquakes,
RC bridge columns can experience serious structural degnaslatithout adequate retrofit or

repair procedure, whictould eventually lead to total collapse.

Great effort has been madeer the last few decadé&s solve the problem of seismically
deficient RC columns by providing lateral supplementary confinement for conGletdwo
primarytypesof concrete confinement methods developed up toalatd) passive confinement
and 2) active confinement. In the case of passive confinement, the confinement pressure is exerted

due to the hoop stresses developing in the lateral reinforcement as a rémulatdral expansion



(dilation) of the concrete under | oading (i .e
inevitably entails a certain level of concrete damage, active confinement safgibeal
prestressing pressure without the need foicoete dilationand shows more enhanced capability

in increasing concrete ductilignd delaying damagesider compressigrompared tits passive
confinement counterparBndrawesand Shin(2008) proposedand studieda new techniquéo

apply active conhementusing prestresseshape memory alloy5(MA) spiralgshoops This novel
methodiook advantage of the shape memory eff8ME), a heatriggeredphenomenoobserved

in a class of smart material known @8As to apply confinementThe capability of theSMA

spirals to enhance or restore the seismic capacity of RC columnsewvessevaluated

experimentally through quastatic cyclic test§Shin and Andrawes 204120116.

While the substantial influence of Vv@&aMA conf
proven in the quasstatic tests, such tests were unable to adequately derive the realistic dynamic
responses of the columns under seismic excitations. The predetermined unidirectional
displacement loading protocol of those tests is quite differemh fimalistic multidirectional
ground shakings. The seismic performance of the SMA confined columns would be more
realistically assessed through a set of dynamic tests where the columns are directly excited by
ground accelerations and inertial effect inl teme. Also, the feasibility of the SMA confinement
technique in rapidly and readily performing seismic retrofitting and emergency repair for RC
columns under the imminent seismic threats needs to be investiJatedate, this new
confinement techniqueals been studied at the component level. The impact of actively confining
a single or multiple columns with different levels of confinement pressure on the overall seismic
performance of a bridge system including the interaction with different bridgparents is yet

to be clearlyunderstood. Further, it is not clear how the SMA confined bridge columns would



behave and affect the pesirthquake functionality of the bridge after undergoing strong,
sequential ground shakings (e.g. main shait&rshock sequence) which were commonly seen
during previous seismic events such as the@hi(1999), Tohoku (2011),na Christchurch

(2011) earthquakes.

For this emerging technique to be fully accepted as an effective retrofit/repair strategy, it
is crucial to have a strong grasp of its influence on the response of the bridge system in likely
situations from a global pspective. On top of strong ground shakings, the vulnerability of the
bridge system becomes more critical when it is exposedrtong conditions affected lnadical
chemical and/or thermal changes in its surrounding environregpécially when equippetdth
a relatively new material whose behavior was not sufficiently studied for civil engineering
application such as SMA<Lonstruction materials under such ertie circumstances may be
subjected to aexcessiveadditional load or unexpected variatianstheir behaviorwhich can
greatlygovern the structurgderformancet the component level, and eventually affect the global
response of a structural systein-depth understandingnd accurate predictioof material
behavior under those conditiongpresen integral part of theperformance evaluation of the
structural systemMany matrial models which have been extensively used in a varietyalysis
platforms, however, are not able to fully capture such complex material behbigalso quie
challenging to set upestingenvironments and perform multipeperimetal testsn conventional
ways,considering the cost and effort required to control testing devices and fabricate physical test
specimens. Therefore, there is a need for a new advaneg&ditionmethod which is capable of
accurately assessing structural performance in the face of combined threats of natural-and man

made hazards by incorporating realistic material behavior in a cost effective way.



1.2 RESEARCH OBJECTIVE S

This researchocuse on broadening the knowledge pertinent to the application of SMA
confinement techniquen sesmic retrofitting and repair dRC bridge columnsainder extreme

earthquake loading3 he followingthreemain objectivesreaddressed in thdissertation:

1 Investigating thedynamic response @&MA retrofittedfepailed RC columnsthrough a
series of shake table test

1 Understanding the impact of implementing the new SMA retrofit technique on the global
seismic behavior of bridge systems including variouddaricomponents (e.g. abutments,
expansion joints, etc.).

1 Establishing a new experimentalimerical simulation framework, namely Material
TestingIntegated (MTI)simulation andutilizing it to explore the seismic performance of

SMA retrofitted RC columns

To accomplishthose objectivescurrent study utilized experimental tests, numerical
simulations and a combination of both approachiest, two reduceescale RC columspecimes
were constructecanddynamically tested under a set of bidirectios@ismic loadsin each test
run, input motions were scaledatiainspecific target performance levegddynamic responses
of the columns retrofitld andrepailed using SMA spiralswere studiedBased on obtained
experimental results of the RC columnemputational modelhich characterize the responses
of theSMA confined RC column were developadhe earthquake simulation softw&penSees
(McKennaet al. 2000. Beyondthe earthquake simulatiaf the reducedcale RC columnat the
component levethe study vasextended to umeically analyzefull-scale RGridge system under
sequential ground motiond/ulti-frame RC bridges retrofitted with different levels of SMA

confinement were numerically modeled in OpenSeesl subjected to main sheakershock
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earthquakground motionsDamage status on both local and global scaheistinctionality of the
bridgesunder the sequential seismic loadiwgre evaluated in relation to SMA retrofitting.
Furthermore, d exploreperformance oEMA retrofitting in a more cost effectivevay without
relying solely oncostly experimentsof large specimensr full numerical simulatios) a new
methodwhich combines experimental testing of materials into conventional numerical simulation
of a full structure was establisth. To demonstratand validatehe proposed conceptframework
which consists of§imulation coordinator, finite element analysis (FEA) programraatrialtest
data of concretevas constructed angsedin MTI simulaion of a SMA retrofitted RGridge
column previouly tested undequaststatic cyclic loadingMTI simulation was further utilizetb
investigateseismicperformance of 1RC cantilever columns retrofitted with SMA or steel spirals
and 2) FC bridges supported byigh strength concrete (HSC) columns confined with FRP wraps

and/or SMA spirals.

1.3 DOCUMENT OUTLINE

Current dissertation is composed of the following chapters:

Chapter lhighlights the motivation of the current research and presents the research

objectves.

Chapter 2 presentterature review on concrete confinement techniques (passive and
active) and previousstudies onSMA confinement Evolution and implementations of pseudo

dynamic hybrid simulation ar@so reviewed.

Chapter 3 presentsxperimentalstudy of a series of shake table testrried outto

investigate dynamic responses of RC columns retrofitted/repaired with NHMMospirak.



Chapter Z£overs numerical study of a muftame RC bridge system retrofitted with SMA
spirals and assesse®gtearthquake functionality arthmagestatus of the bridge systeumder

sequential seismic excitations.

Chapter Hiscussesonceptual background MTI simulation anddevelopment of a new
framework. Tle proposed conceptvalidated througltomparisorwith the previous RC column

test results.

Chapter @nvestigates seismic performance of RC bridge columns and RC bridge systems
equipped with different types of concrete confinement by applying MTI simulation and

incorporating previous test data of conereylinders.

Chapter Jresents anclusions of current research and future reseacck.



CHAPTER 2 LITERATURE REVEIW

2.1 CONCRETE CONFINEMENT TECHNIQUES

The existence of old RC bridge colomwith poor seismic detailingasmotivatedmany
researchers to focus on the development of various exseplementatonfinement techniques
to promote ductile behavior of the columm¥epending on the mechanishraugh whichateral
confining pressures triggered the confinement techniquesarc be divided into passive
confinementand active comhiement Passive confinemermwhich is the more comonly used
approactprimarily relies on the lateral expansion (dilation) of theally loaded concretdue to
P oi s s o n Onrsthe ethef harwdctve confinement provides continuous prestressing pressure
t hroughout t he st r uceguringehe Iaterad expansios @ théomcfete wi t h ¢
Studies on the development and implementation of both confinement techniques are addressed in

this chater.

2.1.1 PassiveConfinement
2.1.1.1 Steel reinforcement

One of the early works explog the effeciof transverse steel reinforcemert concrete
behavior was conducted Rychart et al. (1929Richart et al. (1929arried out compression tests
of circular concrete column&54 mmx 1016 mm)confined withexternalsteel spirals. Six
different confinement groups were considered by applying different types and amounts of spirals.
The tested columns showed increasethp@ssive strength in relation to the applied lateral

compressive pressure.

Ahmad and Shah (1982xperimentally studied stressrain responses of spirally confined

concrete, taking into account the effect of compressive strength of concrete, yigjthstfesteel



spiral and spacing of spiral. While the confined specimens exhibited enhanced peak strength and
postpeak behavior, the confinement was less effective for concrete with increased strength or
lightweight aggregate. Based on the experimentalltsestheoretical stresstrain model of

confined concrete was developed.

Scott et al. (1982%arried out experimental testing of square RC columns (4506 50
mm x 1200 mm) confined with internal steel hoops under concentric or eccentric loading applied
at different strain rates. The authors concluded that the increment both in volumetric ratio of the
steel hoops and longitudinal strain rate contributed to greatgrressive strength of the confined
concrete, higher longitudinal strain at initial fracture of the hoops and more gradual slope of the
postpeak behavior. The use of larger hoop diameter and increased hoop spacing, however,
reduced the confinement effe€heyalso proposed an approach to estimate the ultimate strain of

confined concrete as a function of the yield strength and volumetric ratio of steel hoops.

Mander et al. (1988a) developed a generalized sstegi®# model of confined concrete
which encorpasses the effect of different types of transverse reinforcement into effective
confinement pressure. By utilizing an energy balance approach which assumes that energy stored
in confined section corresponds to the strain energy capacity of transversecesidnt, the
ultimate state of confined concrete was predicted. Circular and square RC columns and rectangular
RC walls with various reinforcement configurations were tested under concentric compressive
loading by Mander et al. (1988b), and experimergaults were compared with the proposed

theoretical model.

The concept of applyingxternal steel jackdtas been also widelyonsideredo enhance

performance of RC column<Chai et al. (1991) proposehd experimentally studietie use of



bondedsteel jaketsto enhance flexural performance of circular RC coluniitee proposed
retrofit scheme used steel jack&isconfinethe plastic hinge regions die RC columns and the
gap between the column and jacket was gfiletl. Test results ofis circular RCcolumns(607
mm x 3658 mm)including threeretrofitted columnsunder lateral cyclic loading indicated that
steel jacketing was effective in preventing bond failure ofjalced reinforcing bars and crushing

of concrete, eventually improving the deformation capacity of the deficient columns.

Priestey et al. (1994a, 1994b) performédeoretcal and experimeat studies orthe
application of circular and ellipticateel jackets to retrofdircular and rectagularRC columns,
respectively(see Fig. 2.1)After conducting lateral cyclic loading tests on fourteen lemcmEeRC
columns, the authors concludedttkize steel jacketsontributed tostable and ductile hysteretic

responsesf the RC columns which showed brittle failimesarly stageof the tests in the asuilt

condition.
Elliptical Steel Jacket
Thickness: 3/16" for R2R, R4R, 1/8" for R6R
. #2 Hoops @5"
[—14.00[—' 22 #6 Deformed Bars
{ 7
(ot 45
4.00" 3.25"
> d | —+—
3 Ry
P q —03—.25. 16,00 24.00"
] q |-
3.25"
\ Kol [e] Q .00 C‘/ 1.5-
] 3] 3]s 3 x|
R S S o Gl SRR R N, 15
1.5 ) 5
24.00 e 32.00"
(i) “As-Built" Column (ii) Retrofitted Column

Figure2.1 Elliptical steel jacket to retrofitectangular columns (Priestley et al. 1994a)

Daudey and Filiatrault (200@Isoexperimentally invstigated seismic retrofittingf RC

columnswith a grooved rectangular secti(gee Fig. 2.2)Five RC columns wereetrofitted wih

10



circular and ellipticabteel jacketaindtested under lateral cyclic loadinBhe retrofitted columns
exhibited enhanced hysteretic responses with higher flexural ductility compared tebihé as

columns.

D =436 mm
4
‘ Y Circular Jacket
T \ Elliptical Jacket
i
|
i _
2b =340 mm | S —
] ] X
T .
¥
2a=482 mm

B Longitudinal Weld

Figure2.2 Use of circular and elliptical steel jackets to confine-nwaular RC columnsfaudey
and Filiatrault 2000Q)

Xiao and Wu (2003proposed a steel jacketirgjrategy using steel platesd stiffeners
welded together in performing retrofitting of square RC colurfits. 2.3shows spplementary
stiffeners in various formsised in experimental testing of square RC colunfest results
revealed thathe added stiffeners helped increase the confinemfadt ehd lateral load carrying

capacity of the columns.
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Figure2.3 Steel jacketing strategies using welded steel plates and stiffe{i@osand Wu 2003)

Li et al. (2005) tested concrete cylindeonfined with external steel jackets wittifferent
thicknessalong with various forms of internal reinforcements to develop a constitutive model of

confined concrete.

2.1.1.2 Fiber reinforced polymer (FRP) reinforcement

Installation offiber reinforced ptymer (FRP) jacket or strands alsowidely usedin the
passiveconfinement application due the high strengthto-weightratio andexcellentcorrosion
resistanof FRP. Fardis and Khalil(1981) carried out experimental testing of concrete cylinders
encased witlglassFRP GFRBP. High strength and ductility were sérved fothe GFRP confined

concrete cylindersrhenloadedin uniaxialcompression.

Katsumata et al. (1988ppliedcarbon fibersn the form of continuous spirals strengthen

the lateral load capacity of the RC columR€: columns retrofitted with different amouwsftfiber

12



spirals were tested unditeral cyclic loathg, and exhibited increasethateraldeformation and

energyabsorption capacities in proportion to the amount of the applied fibers.

Saadatmagsh et al. (1994) proposed analytical stssgin models predicting the strength
and ductility of FRP confined columns. The analytical study indicated that RC colunufistestr
with carbon fiber straps showed higher axial loading and ductility capacities compared to columns
with E-glass strapsSaadatmaesh et al.1996,1997a,199) alsoexperimentally investigated the
earthquake resistant capacity of circular and regitar RC columns retrofittéepairedwith E-
glass FRP strap&ee Fig. 2.4)n the plastic hinge regiormhe FRP retrofitting enabled both
circular and rectangular RC columns to achieighér lateral strengtanddisplacement ductility

with stable hystestic responses.

Figure2.4 Prefabricated FRBtraps used in column repa8gadatmaesh et al. 1997b).

Toutanji (1999) performed experimental and analytical studies on behaviors of concrete
cylinders 6 mmx305 mn) confined with carbon and gla8RP wraps. While both FRP materials
enhanced the behaviors of the concrete cylinders in terms of strength, ductility and energy

dissipation,carbon FRPwvrap which provided greater lateral pressahieved higar concrete

13



strengthcompared to glass FRIrap. The obtained responses of the specimens were utilized to

construct stresstrain model of FRP confined concrete.

Haroun and Elsanadedy (200&perimentally studied the use acdrbonandglass FRP
jacketsto improve vulnerable responses of RC columns associated with insufficiesylieg
length in the plastic hinge regiofhree asbuilt and ten FRP retrofitted columns were tested under
inelastic cyclic lateral loading/Vhile the FRP jackets were quite esffive in increasing flexural
ductility of the circular columns, limitedmprovement waseen for the columns with square

section.

Xiao and Wu2000 studiedresponses afarbonFRP CFRP) confined concrete cylinders
under monotonic compressive loading, considering diffe@RRP thickness and concrete
strength.Concrete showed increased strength and ductility withGRBRP wrapping Failure
occurreddue to the rupture oFRP. The confined concreteexhibited bilinear stresstrain
responses with varyinglopes of the second phase depending on the level of confinement.

Empirical equation of the strestrain curve was attained based on the experimental results.

Lam and Tend2003)developeda simple stresstrain model of FRP confined concrete
based on experimental results7&f previous tests his model includedmportant characteristics
of the FRP confined concrete responses such as actual rupture strain etiffiRiency of FRP
jacket br strength incement and impact of FRRstiffnesson the ultimate state of confined

concrete.

Mirmiran and Shahaw{1996 suggestea concept of using prefabricated FRP tube which
can serve as confinement jacketiformwork for concrete column(see Fig2.5) Sincemultiple

fiber layes alternately placed ithe circumferential and llogitudinal directions, this FRP tube

14



served as longitudinal reinforcement for the columns in additipnawiding lateral confinement
Concrete cylinders encased with prefabricated FRP tubes were tested under uniaxial compression
by Mirmiran and Shahawy1997). The tested concrete cylinders showed bilinear ss&am

relationships along witmprovement both istrength and ductilitwhen encased with FRP tubes.

Figure2.5 Prefabricated FRP tube for RC columns (Mirmiran and Shahawg).199

2.1.2 Active Confinement

One of the early works which stimulated vibrant research activities in the field of active
confinement is the study conducted by Richart et al. (1928) who investigdehavior of
concrete cylinders under triaxial stress state using a triaxial preesse{see Fig. 2.6)Concrete
cylinders with different compressive strength were subjected to axial compression along with a
wide range ofdteralpressure varied even greater than 6Qf%he compressive strength in the
unconfined conditionThe authors found that the strength of the confined contreteased by
about4.1 timesthe amount of theapplied lateral pressyrand that the axial deformation of the
confined concrete cylinders at the peak force greatly increased ranging fromo07/3%odf the

specimen length.
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Figure2.6 Schematic drawing d triaxial testing device (Richart et 41928.

Experimental studies on corete behavior under confining pressure in multiple directions
followed by subjecting concrete cylinders, cubes or plates to biaxial and/or triaxial loading
condition(s) using a triaxial pressure vessel (Hobbs 1971; Attard and Setunge 1996; Imran and
Pantazopoulou 1996) or a triaxial testing machine (Wang et al. 198¥eikat al. 1969; Mills and

Zimmerman 1970; Launay and Gachon 1972; Lan and Guo 1997).

Remarkable performance aittive confinemento enhancecompressive behavior of
concrete and mitigatoncretedamayehas attractedjreatattentionin academiaMany researchers
attempted to utilize active confinemeag a way toncrease the seismic capacity of RC columns
and one of the most widely used methods to apply active confinement pressure is to use
prestressingnaterials such as steel strands or FRBpstiSaaticoglu and Yalcin (2003)sed
external prestressing strantbsactively confingfull-scale circular and rectangular RC columns
and performed lateral cyclic loading té¢see Fig. 2.7)Sevenwire steel strandarapped around

the columnswere presessed by using a hydraulic jack and secured using twisted ring anchors.
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The test results shaad that he proposed active confinement technique enhanced the flexural

ductility and prevented the shear failure of the columns.
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Figure2.7 Application of &tive confinement using prestressed strands to retrofit square columns
(a) Retrofitted RC column and (b) cross section of the coliBaaticoglu and Yalcig003.

Furthermore @tempts weranade to actively confine RC columns using prestressed FRP
belts/strapsNesheli and Meguro 2006; Nakada and Yamakawa 200& retroitting technique
proposed by Nesheli and Meguro (2006), two different types of prestressed FRP belts made of
carbon and aramid FRP composite were wrapped around square RC c(eenrfsg. 2.8)
Prestressing of FRP bghlvas applied by tightening screw ®olkonnecting steel blocks where
FRP belts were attached. The retrofitted columns exhibited improved flexural ductility and shear

strength in cyclic lateral loading tests.
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(b)

Figure2.8 Prestressed FRP belts using (a) carbon fiber and (b) aramid fiber (Nesheli and Meguro
2006).

Nakada and Yamakaw@008) also used prestressed aramid fiber belts to actively confine
square columns which were tested under axial compressive loading. éariugement using the
aramid fiber belts contributed to i mproving
behavior. Although the effectiveness of active confinement has been demonstrated in many
experimental studies, those technighese not bee widely used inthe field This could be
attributed mainly to thexcessive mechanichardware, labor and tinreeededo apply sufficient
prestressing forcen the field. To resolve the issues associated with the application of active
confinement, reseahners sought alternative ways for applying active confinement using
unconventional materials. For example, Saadatmanesh et al. (1996, 1997a, 1997b) attempted to
apply active confinement in retrofitting and repairing of RC columns using oversized FRP straps
and pressurized resin epoxy. Yan et al. (2005) utilized expansion of cementitious material confined
by prefabricated FRP jackets as a result of chemical reaction to actively confine rectangular or
square RC columns. Krstulovi@para and Thiedeman (200@nebined SMA fibers with high
performance fiber reinforced concrete which generatedihéated active confining pressure for
concrete cylinders.
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2.1.3 Shape Memory Alloy Confinement

Over the last two decades, thgphcation d SMAs in civil structureshas gainedyreat
interest, thanks ttheir unique thermomechanical charactersstitamely shape memory effect
(SME) and superelasticitfpolce et al. 2000DesRoche004; Saiidi et al.2007; Nehdi et al.
2010 Wierschem andndrawes2010;Miller et al. 212; Zafar and Andrawes 2013hajil et al.

2013 among many otheysOne of the emerging potential applications of SMA in concrete
structures is the use of SMA to provide active confinement for con&redeawesandShin (2008)
proposedand studied the idea of usingermally prestressed SMANngs to actively confine
concrete The idea of using SMAs in providing active confinement for concrete is based on
utilizing the large recovery strefsrestressassociated wittthe SME of prestraied SMAs when
subjected to heatingrig. 2.9illustrateshow the SMEs thermally triggered, as a consequeote

the atomic phase transformation from the martensite phase to the austenite phase. As illustrated in
Fig. 2.9@), whenSMA remains below the mansite finish temperature (), it is fully in the
martensite phase. The SMAs start to transform to the austenite phase atsthnite start
temperature d ) and become fully austenite above the austenite finish temperatureAs
depicted inFig. 2.9(b), in its martensite phase, SMA experiences large residual strain when
unloaded after being excessively deformed. Wtienalloy is heated above , the SME is
triggered and the SMA recovers its original shape. If the SMA is constrained andiead ab
recover its original shape,large recovery stress (prestress) would develop in the material and

sustainuntil the constraint is removed.

19



ambient
temperature
range

100 1 >

\lea'ting

Martensite (%)

cogllng

austenite

martensite

Stress

M A, A
I ®s  Temperature s

(a) Thermal hysteresis

A

Strain

(b) Thermomechanical behavior

Figure2.9 Thermal hysteresis and thermomechanical behavior of SMAs

Shin and Andarwes (2010) carried out an experimental stueyptiorethe compressive
behavior of concrete confined with SM&rials PrestrainedNiTiNb SMA wires wee applied to
a concrete cyliner in the form of continuous spirals and heated to provide active confinésaent
Fig. 2.10) The performance of tHf®&MA confinement was comparedttvihat of GFRP and hybrid
(GFRRSMA) confinement method3he experimental study revealed thdtile both active and
passive confinement improved the compressive behavior of concrete, the SMA spirals showed
superior capability to the GFRP wrapsncreasinghe ultimate strain of concret€heresponses
of concete with the hybrid confinement proved that even small amount of SMA spirals greatly

contributed to delaying the concrete damage and maintaining relatively high residual concrete

strength.
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Figure 2.10 Application of active confinement using SMA spirals: (a) prestrained SMA spirals
wrapped around the concrete cylinderd (b) themally triggered active confinemeptessure

————-

The capability oNiTiNb SMA spirals to enhance the seismic capacity of RC colunass w
investigatecexperimentally by Shin and AndraweéX)(19. Four arcular cantilevecolumrswith
insufficient transverse reinforcemenere constructedandthree of them wereetrofittedat the
plastic hingewith SMA spirals, GFRP wraps and SMA spirals/GFRP w(aps Fig. 2.11)Jnder
the cyclic loading applied quastatically,the SMA retrofitted column achievetbnsiderably
enhancedlexural ductility and energy absorptiocompared to theassively confined column
with the GFRP only. The column with the hybrid confinement also exhibited dussimses
with stable hysteretic loops comparable to those of the SMA confined cdBimmand Andrawes
(2011b)also explored the use of SMA actigenfinenent technique to repaseverely damagg
RC columns.The plastic hinge regiomf the columns which experienced severe crushing core
concrete and rupture of longitudinal reinforcing baesrepairedand actively confined with SMA
spirals within 15hours Subjected tolateral cyclic loading, the repaired RC columns fully
recovered their lateral strength and showed enhanced flexural dudlitther, Shin and
Andrawes (201pdevelopedan analytical model to validate the response of the SMA confined
column and analyticdy explored the effectiveness of the SMA confinemiemtcolumns with
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various parametric conditions. The authbhfors <co
about 1.38 MPas sufficientto attain highly ductile responsésr the RC columns considered in

the study.

No confinement 10-layer GFRP SMA spiral 5-layer GFRP

jackets with 1 0 mm pitch jackets
34 ¢®
@ o
qd P I
/éMA spiral
with 20mm pitch
(a) As-built (b) GFRP (c) SMA (d) SMA/GFRP

Figure 2.11 Testing of RC columns retrofitted with different confinement methods (Shin and
Andrawes 2011a).

The previous experimental studies have demonstthtddhe SMA confinement has far
better performance than the conventional passive confinement in improving behavior of concrete
at both material and component levels. The concrete cylinders confined with the SMA spirals
exhibited ultimate compressive straabout 8 to 10 times higher than those confined with GFRP
warps (Shin and Andrawes 2010) and abou®41® 135% higher than those confined with steel
wires (Chen 2015). Furthermore, the cantilever RC column retrofitted with SMA spirals achieved
displacemat ductility (* ) of 8 which was about 242% greater than that of GFRP confined RC
column (Shin and Andrawes 2011a). Another advantage of the SMA confinement technique lies
in its easy and fast implementation. Once SMA wires are wrapped around crigicaisref a

concrete column, an instant heat application less than a minute using a torch or a simple electric
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device is sufficient tdrigger the confinement effectherefore, this SMAased technique is
highly desirable iranimminent earthquake situatipcompared to traditional FRP confinement
which may take up to several days for curing of resins under ambient climate conditions.
Furthermore, théact that SMA confinement is thermally activated, makesugerior to other
active confinement techniquesthat it does not require special tools and excessive, lalthoch

are typically needetb applyactive confinement pressurea conventional mechanical manner.

Besides NiTiNb SMA wiresChoi et al. (2010¢xplored the use ™iTi SMA wires, which
havea relatively narrow thermal hysteredist, concrete confinement. They investigated recovery
and residual stresses of NiTi SMA and NiTiNb SMA wjrasd carried out uniaxial compression
tests of concrete cylinders confined with the types of SMA wiresChoi et al. (2012) alsosed
NiTi SMA and NiTiNb SMA wiresin seismic retrofitting of lagspliced RC columns, and tested
the olumns under quasitatic lateral cyclic loadindg=xperimental results indicated thewmpared
to NiTi SMA wires,NiTiNb SMA wires showed higher residual stresel better performande

terms ofincreagng the ductility of the columns.

On the material leveDommer and Andrawes (2012) conducted experimental tests on
prestressed NiTiNb SMA wires tavestigatedtheir thermomechacal behavior under various
loading conditionsandthe suitability ofthis type of alloy for seismic retrofihg of RC columns
(see Fig. 2.12)rom the testesults it was shown th#tte NiTiNb wires exhibited excelleshape
memory effect andtablerecovery stress undenede range of temperature fromOe @ 55¢ C
Although nonlinear behavior of the wires under cyclic loading caused slight reduction in the

recovery stresshe wires were expected ¢éxhibit promisingconfinement capability.
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Figure 2.12 Investigation of thermomechanical behavior of NiTiNb allofes): test setup in a
thermal chamber and (b) cyclic stredgin responses under different ambient temperatures
(Dommer and Adrawes 2012)

Aggressive chemical conditions are another important factor that need to be taken into
account since they can cause serious degradation of metallic materials and compromise structural
integrity of civil infrastructuresTo investigate the wtability and longterm performance of the
SMA confinement technique, Zhao and Andarwes (2017) studied mechanical behaviors of NiTiNb
wires under harsh corrosive conditions. In this experimental study, NiTiNb wires were subjected
to an accelerated corrosidest protocol through repeated wiey cycles in 3.5% NaCl solution,
and corrosion status of the specimens was continuously monitored. From the test, the NiTiNb wires
exhibited much higher corrosion resistance than carbon steel wires which experiegimes se
surface deterioration under the identical corrosive conditions. It was revealed that passive film
(oxide layer) developed on the surface of NiTiNb wires played a crucial role in protecting the

NiTiNb material from corrosion. The NiTiNb wires adequwtprotected by the passive film
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successfully maintained their prestressing capability and mechanical properties after experiencing

the harshchemical attacks.

Studies on the corrosion resistance of Nodised SMAg$or other engineering applications
have been alsoonducted, especially in the biomedical area. Those studies mainly focused on
corrosion behaviors, chemical compositions and surfaeatnient ofNiTi-based alloys to
investigate their biocompatibility in human body (Rondelli et al. 19@Mdelli 1996; Thierry et
al. 2000; Starosvetsky and Gotman 2001; Pun and Berzins 2008; Vojtech et al. 2010 among many
others).Corrosion behaviors of other types of SMAs were studied as well. Montecinos and
Simison (2011) studied the impact of microstrueton the corrosion behavior of @u-Be alloys
to explore their implementation in seismic dampers in a marine environment. #leBaualloy
was fabricated as 15 mm diameter bars and immersed in 3.5% NaCl solution with various exposure
durationg10 minues ~ 40 daysat a room temperature. The experimental result revealed that the
alloy with two phaser( r ) microstructure showed better corrosion resistance than that of the
single phaser() Cu-Al-Be alloy.Soderberget al. (1999kxperimentally investigad the effects of
chemical composition and training process oiMie Si-Cr-Ni alloys on their corrosion behavior.
The study revealed that while the higher Cr and lower Mn contents achieved enhanced corrosion
resistance, it decreased the shape memoryteffébe alloys. On the other hand, the cold rolling
training process conducted for the alloys reduced twrosion resistance. Della Rovere et al.
(2012) also studied characteristics of passive films developed on the surfac®lofFtCr-Ni-
(Co) allgys. They found that a high content of Si existed in the passive films and greatly contributed

to the protectiveness of the films through the incorporation @iitbxyhydroxide

More recently,Chen and Andrawes (201)7performed uniaxial compression testing of
concrete cylinders under monotonic and cyclic loading to obtateth understanding of
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behavior of actively confinecbncrete Concrete cylinders with various compressive strength were
subjected tdifferentlevels ofconfinenment pressure fror.91to 3.92 MPaprovided by NiTiNb
alloy wires(see Fig. 2.13)The experimental testesults showethe characteristics alhe SMA
confined concretander varying confinement levels, includinggestress, ultimate stin, residual
stress and damage propagati@ased on this experimental work, the authors proposed an
empirical stresstrain model of concrete confined with NiTiNb alloys, reflecting those

characteristics of the SMA confined concrete.

Figure2.13 Concrete cylinders confined witliTiNb alloy spirals at varying spacin@hen and
Andrawes 2017a)

The test esults of the concrete cylindenbtained byChen and Andrawes (20)7aere
furtherutilizedto develop gplasticity-basednodelof SMA confined concreterhich incorporated
yield criterion, hardening/softening functioand flow rule(Chen and Andrawes 2017bJhis
model is capable of better describing B® stressstrain behavior of NiilNb alloy confined
concrete consideringthe nature of SMA confinement which relies on both active confinement
thermally triggered and passive confinement associated with dilation of coasgel on this-3
D constitutive model,-D stressstrainrelationshipof NiTiNb alloy confined concrete was derived

and constructed as uniaxial matef@hen 2015)namely,dConcreteSMAin OpenSeeswhich
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