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Abstract

Accurate and realistic assessment of the performance of colorgeseraland those in
critical locations that may cause progressive failure of the entire structure, in particular, is
significantly important. This performance is atied by the load history, patterand intensity.
Current design code does not comesithe effect of load pattern on the load and displacement
capacity of columnsA primary research sponsored by Kansas Department of Transportation
(KDOT) was conducted as the initial step of the present siNdy K-TRAN: KSU-11-5). The
main goat of theKDOT project were(1) investigation of new KDOT requirements in terms of
the column desigprocedure and detailing and theonsistencywith AASHTO provisions; (2)
verification of the KDOT assumptions for the plastic hinge regionsdtumns and bridgpiers,

(3) provideassessment of the load capacity of the existing columns and bridge piers in the light
of the new specifications and using the new load demand as in the new provisions; and finally
recommendations for columns and bridge piers that donrest the new eguirementsA
conclusion was drawn that there isnaed for conducting more studies on thealistic
performance of Reinforced Concrete (RC) sections and columns. The studies should have
includedperformance of RC members underious loadng scenarios, assessment of columns
capacity considering confinement effect provided by lateral reinforcement, and investigation on
performance of various monotonic and cyclic material models applied to simulate the realistic
performance.

In the study reprted here, monotonic material models, cyclic rules, and plastic hinge
models have been utilized in a fidessed analytical procedur@nd validated against
experimental data to simulate behavior of RC section under various loading scenarios.

Comparison bthe analytical predictions and experimental data, through mécenature and



force deflection analyses, confirmed the accuracy and validity of the analytical algorithm and
models.The performance of RC columns under various axial and lateral loaditegnpavas
assessed in terms of flexural strength and energy dissipation.

FRP application to enhance ductility, flexural strength, and shear capacity of existing
deficient concrete structures has increased during the last two decades. Therefore, various
aspects of FRRonfined concrete members, specifically monotonic and cyclic behavior of
concrete members confined and reinforced by FRP, have been studied in many research
programssuggestingzarious monotonic models for concrete confined by only FRP.cExjpbn
of existing model performances for predicting the behavior of several tested specimens shows a
need for improvement of existing algorithms. The model proposed in the current study is a step
in this direction. FRP wrapping is typically used to coefiexisting concrete members
containing conventional lateral steel reinforcement (tie/spiral). The confining effect of lateral
steel reinforcement in analytical studies has been uniquely considered in various Models.
models consider confinement due R®P and ignore the effect of conventional lateral steel
reinforcement. Exploration of existing model performances for predicting the behavior of several
tested specimens confined by both FRP and lateral steel shows a need for improvement of
existing algothms. A model was proposed in this study which is a step in this direction.
Performance of the proposed model and four other representative models from literature was
compared to experimental data from four independent databases.

In order to fulfill the reed for a simple, yet accurate analytical tool for performance
assessment of RC columns, a computer program was developed that uses relatively simple
analytical methods and material models to accurately predict the performance of RC structures

under varios loading conditions, including cyclic lateral displacement under a non



proportionally variable axial load (Esmaeily and Xiao 2005, Esmaeily and Peterman 2007).
However, it was limited to circular, rectangular, and hollow circular/rectangular sections and
uniaxial lateral curvature alisplacement

In this regards, a computer program was developed which is the next generation of the
aforesaid program with additional functionality and options. Triangulation of the section allows
opportunity for crossectioral geometry. Biaxial lateral curvature/displacement/force combined
with any sequence of axial load provides opportunity to analyze the performance of a reinforced
concrete column under any load and displacement path. Use of unconventional reinforcement,

swch as FRP, in lateral as well as longitudinal direction is another feature of this application.
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Abstract

Accurate and realistic assessment of the performance of columns in general, and those in
critical locations that may cause progressive failurehe entire structure, in particular, is
significantly important. This performance is affected by the load history, pattern, and intensity.
Current design code does not consider the effect of load pattern on the load and displacement
capacity of columnsA primary research sponsored by Kansas Department of Transportation
(KDOT) was conducted as the initial step of the present siNdy K-TRAN: KSU-11-5). The
main goals of the KDOT project were: (1) investigation of new KDOT requirements in terms of
the cdumn design procedure and detailing and their consistency with AASHTO provisions; (2)
verification of the KDOT assumptions for the plastic hinge regions for columns and bridge piers,
(3) provide assessment of the load capacity of the existing columngidgd piers in the light
of the new specifications and using the new load demand as in the new provisions; and finally
recommendations for columns and bridge piers that do not meet the new requirements.
conclusion was drawn that there is a nded condwcting more studies on theealistic
performance of Reinforced Concrete (RC) sections and columns. The studies should have
includedperformance of RC members undearious loadingscenarios, assessment of columns
capacity considering confinement effect gdmd by lateral reinforcement, and investigation on
performance of various monotonic and cyclic material models applied to simulate the realistic
performance.

In the study reported here, monotonic material models, cyclic rules, and plastic hinge
models hae been utilized in a fibdsased analytical procedure, and validated against
experimental data to simulate behavior of RC section under various loading scenarios.

Comparison of the analytical predictions and experimental data, through nicorgature and



force deflection analyses, confirmed the accuracy and validity of the analytical algorithm and
models. The performance of RC columns under various axial and lateral loading patterns was
assessed in terms of flexural strength and energy dissipation.

FRP gplication to enhance ductility, flexural strength, and shear capacity of existing
deficient concrete structures has increased during the last two decades. Therefore, various
aspects of FRfeonfined concrete members, specifically monotonic and cyclic bmhav
concrete members confined and reinforced by FRP, have been studied in many research
programs, suggesting various monotonic models for concrete confined by only FRP. Exploration
of existing model performances for predicting the behavior of sevetadtgspecimens shows a
need for improvement of existing algorithms. The model proposed in the current study is a step
in this direction. FRP wrapping is typically used to confine existing concrete members
containing conventional lateral steel reinforcemg@i&/spiral). The confining effect of lateral
steel reinforcement in analytical studies has been uniquely considered in various models. Most
models consider confinement due to FRP and ignore the effect of conventional lateral steel
reinforcement. Explorain of existing model performances for predicting the behavior of several
tested specimens confined by both FRP and lateral steel shows a need for improvement of
existing algorithms. A model was proposed in this study which is a step in this direction.
Peformance of the proposed model and four other representative models from literature was
compared to experimental data from four independent databases.

In order to fulfill the need for a simple, yet accurate analytical tool for performance
assessment of RColumns, a computer program was developed that uses relatively simple
analytical methods and material models to accurately predict the performance of RC structures

under various loading conditions, including cyclic lateral displacement under a non



proportonally variable axial load (Esmaeily and Xiao 2005, Esmaeily and Peterman 2007).
However, it was limited to circular, rectangular, and hollow circular/rectangular sections and
uniaxial lateral curvature alisplacement
In this regards, a computer progravas developed which is the next generation of the

aforesaid program with additional functionality and options. Triangulation of the section allows
opportunity for crossectional geometry. Biaxial lateral curvature/displacement/force combined
with any seqance of axial load provides opportunity to analyze the performance of a reinforced
concrete column under any load and displacement path. Use of unconventional reinforcement,

such as FRP, in lateral as well as longitudinal direction is another feature appication.
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Chapter 1 - Introduction

1-1 Introduction

Experimental and analytical studies have shown significant effects of material models
including nonotonic and cyclic (hysteresis) rul@ssumption on curvature distribution along a
structural memberjoading pattern, and the analytical strength evaluation procedure
performance assessmeatcuracy of reinforced concrete (RC) columAsprimary regarch,
sponsored by KDOT was conducted as the initial step of the presen{Ntud¥-TRAN: KSU-

11-5). A conclusion was drawn that there is a né@dconducting more studies on thealistic
performance of Reinforced Concrete (RC) sections and colufes. studies should have
includedperformance of RC members underious loadingscenarios, assessment of columns
capacity considering confinement effect provided by lateral reinforcement, and investigation on
performance of various monotonic and cyclic en@ models applied to simulate the realistic
performance.

RC membemresponseaindervarious loading scenarids a researchreathat hasot been
sufficiently addressed compared to more traditional areas/il engineering Loading history,
pattern, intensity, and linear combination of loadspecifically lateral and axial loads in a
column, can significaht affect RC membex 6ehavior.The loading pattern of comked axial
load and lateral force affectdexural and shear strength, ductility, stiffeesand energy
dissipation of RC memberg/hen exposed to dynamic excitation of any sousceh as wind or
earthquake columns are subjemd to a loading pattern icombined buthonproportionalin
lateral and axial directions, especiaily earthquake exations in neafault regionswith high
accelerations of vertical and horizontal ground motions, large velocity pulses, directional effects,

repetitivepulse effects, and aftershocks.



A majority of experimental researcklated tovarious parametethataffectRC member
behavior habeen limited to monotonic or cyclic lateral displacement (force) on colwmahsr
no or constant axial loadlibng and Saiidi 1990, Jaradat et al. 1998, Kowalsky et al. 1999,
Ridrigues et al. 2093In an early work, the impatance of concurrent amounts of axial load and
bending momenivasemphasized for dynamic analysis of coupled shear \(&éatcioglu et al.
1983) A limited number of researchers, such Gibertsen and Moehl€1980) and Abrams
(1987), consideredaxial load variation in RC column behavior Abrams investigated the
influence of proportionally variable axial force on flexural behaviorR& columns. He
recommendd additional analytical and experimentatudiesfor a good understanding of the
influence ofthesevariations on flexural behavior &C columns. Kreger and Linbedk 986)
considered uncoupled variations of axial and lateral fincexperimentdl tesing a single
column. They demonstratedhat column behavior dependstrongly on axial force history.
Sadeghvaziri and Foutch(1991) analytically studied RC columnbehavior under
nonproportionally var yi nmpnpeoportiendl vatiaicegin axiadlhey a
load are not just another parameter that can be considered within the frameworkreftcur
approaches, but that its effects are so significant that new methodology and models are needed
to assess the inelastic cyclic response of RC columns under uncoupled fluctuations in axial and
lateral loadso They concluded that axial load history sfigantly affects momenturvature and
axial loadflexural moment interaction curve (Saadeghvaziri 1996).

Ono et al.(1996) observeda strange failure mod& their experimental studies which
they concluded malgavebeencaused by vertical motion. Alaghelshan et al(1998)concluded
that fluctuation in axial force can cause failure, especially inrise buildings and interior

columns. Elanashaitilized inelastic analysis of RC columasd reached the same conclusion as



Alaghebandian et a{Papazoglourad Elnashai 1996; Ghobarah and Elnashai 19R&hzo etl.
(1999) conductedanlinear timehistory analysis on columns and discovetidt seismic codes
must providespecial recommendatiom order toconsider fluctuation in axial force due to
vertical aceleration of ground motions.

During an earthquake, tmeajority of buildings are subjected toaxial lateral earthquake
motion in addition to vertical component edrthquakeBiaxial motion is inducedn columnsof
anirregular building everagainst oe-directioral earthquake motiami Experimental studies and
investigations of dmaged structuseafter earthquakesiave proverthat damage caused by bi
directional earthquake motiens different and, in most cases, more extensive than damage
caused by umixial earthquake motienWhen cyclic seismic loading in one direction is strong
enough to push a RC section into its nonlinear raitgggnsequently affectstiffness inthat
direction and the perpendiculatirection The couplingeffect of two directios significantly
reducesverallseismic stregth of the column in some cases

Since al methods related to seismic strength assessrokrmtructures are based on
uniaxial experimental data, in recent yeagsearchers have investigateéthod to addresshe
biaxial effect of dynamic excitations such as earthquakdany experimentabnd analytical
studieshave beerctonducted to investigaolumnbehavior undebiaxial cyclic loading.Most
analytical investigations utilize finite element modeling softwareh as Abaqus. Unfortunately,
available commercial software, such as Abaqus or OpenSees, are not the first choice of design
firms interested in assessing the real performance of existing or new RC structural members,
though, because the learning curves these applications are very steep. However, this
assessment is critically important for existing structural members in relation to decisions to

retrofit or replace those members.



Experimental works conducted on concrete columns under axial forcegaiedb@xial
lateral loading are presented in Qiu et al. (2002), étsal. (2009), Chang (2010), Bagues et
al. (2012), Rodrigues et al. (20b?, and Wang et al. (2013). In addition, analytical researches,
such as Sfakianakis (2002), Bonet et al. @DCharalampakis and Koumousis (2008), Pallares
et al. (2009), and Fossetti and Papia (20b3ye studied the effect of axial force dmdxial
bending on composite section behavior as behavior relates to axial fordeaarad bending
moment interactin. Researchers also have attempted to model cyclic behavior of composite
columns under axial force arwiaxial lateral forces (Lee et al. (26)) Liang (2008), and Liang

(2009))

1-2 Objectives

The primary objective of this research is to model and assessetiavior of concrete
columns under various cyclic and monotonic loading scenarios. To achieve this goal, the
following tasks must be completed:

1. Evaluate the performance of concrete columns confined by conventional lateral steel or
FRP under biaxial displament paths and fluctuating axial force, benchmarked against
experimental data.

2. Evaluate the performance of RC columns in concrete structures located 4fauiear
regions.

3. Assess various material monotonic models and cyclic rules for confined concrete,
unconfined concrete, Fiber Reinforced Polymer (FRP), and steel by extensively studying
and improving existing models or developing new models.

Develop a new model for concrete confined by FRP and steel tie/spiral.



4. Develop a new constitutive model for cortereconfined by FRP and lateral steel
(tie/spiral), or FRP and lateral steel.

5. Assess and improve existing plastic hinge models or develop a new model if necessary.

6. Develop windowbased software to model the performance of concrete columns under
various montonic and cyclic loading scenarios in uniaxial and biaxial directions with a

smooth learning curve and udeendly interface.

1-3 Scopes

This dissertation includeive chaptersand an appendithat detail the performance of
RC structural members with vads material types and arrangements under various loading
scenarios.

1 Chapter 1 introduces the goals of this study and contents of the chapters.

1 Chapter 2 reviews the literature through three subjects: (1) effect of lateral
displacement/loading patin on grformance of RC column2) effect of axial loading
pattern on performance of R&lumn and (3) material (steel, plain concrete, confined
concrete by lateral steel, FRP warp, and both lateral steel and FRP wrap) and plastic
hinge models.

1 Chapter3 introduces theanalytical algorithm, material and plastic hinge models which
were used in this study. In addition, a constitutive stséissn relationship for FRBteel
confined concrete is presented. Performance of the proposed-sste@ssmodel is
assessethrough experimental data and analytical analyzes.

1 Chapter 4 presents parametric studies conducted to investigate the effect of loading

pattern, including lateral and axial, on performance of RC columns.



1 Chapter Hresents summargpnclusion and recommdations.

1 Appendix A presenta help file for the developed computer application.



Chapter 2 - Literature Review

2-1 Introduction

This chapter reviews literature in three different topics; effect of lateral
displacement/loading pattern on performance of RC columregtedf axial loading pattern on

performance of RC columns and material (monotonic and cyclic) and plastic hinge models.

2-2 Effect of Lateral Displacement/Loading Pattern on Performance of RC

Members

A comprehensive review of studies about effect of latisgdlacement/loading pattern is

presented, chronologically, as follows.

2-2-1 Kim and Lee (2000)

Failure of brittle material such as concretemonstrateswo major mechanismga)
uncracked condition and (b) cracked conditiontie uncrackeatondition, appked axial force
and bending moment do not have any coupling effect. However, ioréls&edcondition, the
axial force may affect curvatuaboutthe bending axis and the bending moment may influence
the axial strain.The axial force and bending abouietother principalaxis may affect he
curvature about each prinalpaxis when the section is under axial force and bidirectional
bending moment and stress is beyond the elastic range.

Kim and Lee proposed a numerical model to assess behavior of RC calodersaxial
andbiaxial bending moments. Tdemonstrateralidity of analytical results, they conducted a set
of experimental testin whichthey testd a total of 16 tied RC columns with square and

rectangular cross sectioiccentricity of the axial loador all tests was 40 mm. The angle



between the princgd axis and direction of eccentricity was 0, 30, and 45 for columns with
square crossection and 0, 30, 45, 60, and 90 for columns with rectangularszossn.
Fafitis and Shai $§1985) modeland ® b o and Gh al isttam mddél Wérer ) str
usedto model behaviofor concrete in compression and tensiospectively, in conjunction
with Ottor and Naaman §1989)cyclic stressstrain model Stressstrain behavior of reinforcing
steel bars was suhated using elastiperfectly plastic model in conjunction withlinear cyclic
model with slope equal to modulus elasticity of the steel mateéialytical results were in
good agreement with experimental datammparisons between moment magnificatfaetor
(usingthe moment magnification facttow consider the slenderness effect of colunpmedicted
by the proposed numerical method and Almeerican Concrete InstituteACIl) methodrevealed

that the AClI moment magnification factwasconservative.

2-2-2 Sfakianakis (2002)

Sfakianakis used an alternative fiber moadéth computer graphics as a computational
tool to calculate stress integration. The developed model was employed to analyze conventional
reinforced concrete section as well as members repaiyegadketing and stealoncrete
composite sections under bidirectional bending and axial fdce. to using no iteration,
Sf a ki anethcklhas the benefit of convergenteall casesIn order b provethe validity
and functionalities of the developedethod, four representative numerical examples were
discussed in his worklThe following asumptios were includedn the proposed method: (1)
Based on BernouliEuler assumption, plane sections remain plane after deformatidelaé:
perfectly plasticstressstrain model is used to predict steel bar behavior, (3) Tensile strength of

concrete is neglectednd (4) Monotonic behavior of concrete is modeled using a sttas



model proposed by Tassios (1988) with parabolic initial ascerfaiagchup to the concrete

strengthfollowed by a descendingniear branch

2-2-3 Qiu et al. (2002)

The coupling effect of two princg directionssignificantly decreases seismic resistance
of structures. Therefore, assessment of RC colbetraviorunder biaxial loadings a primary
subject of current studies of RC structuidesorder b investigate behavior of RC columns under
biaxial loading, Qiu et al. (2002) conducted an experimentaly shat included biaxial quasi
static loading of seven RC columnkhe strengthand stiffness degradation, hysteretic energy
dissipation, and damage index of the seven columns were analgmsileringsix loading
paths According to test resultshe conclusion was made h a t the columnods
biaxial bending differé significantly from the capacity of the colummnder uniaxial loading.
Accumulative energy dissipation tife column under biaxial bendingas significantly higher
than the column under uniaxial loading. In addition, the plastic deformation capability of the
column under biaxial loadingvas much lower thanthe plastic deformatiorunder uniaxial

loading.

2-2-4 Lejano (2007)

Most RC sectionsdesign chartsapply to unidirectional bending ofRC sections.
UtilizationofBr es | er 6 s ( 19 6ethpdand Bexigroc& bad MebvhadralloMslesign
chartsto be used for bidirectional bending of RC columns. Lejg@07)useda fiber model to
predict biaxial behavior cin RCsection and to develop design charts for bidirectional bending.

I n this fiber me tohio (#980) theory amul (CidrdpisnBdel d 1982 were



used to simulate the behavioirconcrete and steel fibers, respectivélpwever,this studywas
limited to biaxial analysis aé square cross section with uniform and symmetrical reinforcement

distribution andthe effect of slenderness was ignored.

2-2-5 Charalampakis and Koumousis (2008)

Charalampakis and Koumousis developed a generic fiber model algorithm to aaralyze
RC section under biaxial bending and axial load. The developed fiber model can be ws®gd for
arbitrary composite section. In their study, a prismatic beam with arbitrary cross section was
assumegfollowing the BernoulliEuler assumption in which the plane section remains plane and
perpendicular to the longitudinal axis of the beam. Usingld@ed fiber modelCharalampakis
and Koumousis addresséite following problems in their studyl) construction of moment
curvature diagram, (2) construction of interaction curves and failure surtaw,(3)
determination of the deformed cross sectiftardoading.

Failure of a threedimensional 8D) surface of a section can lpoduceusing four
techniques: (1) conducting interaction curweth the bending moment ratio, (2) conducting load
contourswith the level of axial force, (3) calculating stse®sultant extending along an arbitrary
oriented straight line, and (4¥onducting a chart ofisogonic 3D curves as used in
Charal ampakis and mael e stesstaid Bw adrateralsobapsection
can bedefined using any number aady combination of linear and cubic polynomial segments
in Charal ampaki s and K 0 u m€harlamspéks amll Kguenbusip e d
compared theadculated resultsf thedeveloped fiber model were compatedesults calculated

by Chen et al. (2W) for an arbitrary shape cross section with a circular hole.
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2-2-6 Papanikolaou (2012)

Papanikolaou developed a methodoldgycalculate the ultimate strength and moment
curvature response of an arbitrary composite section under biaxial bending andaaixidkiong
the presented methodologynd arbitrary material lawsany composite section with unlimited
number of components and unconditionally shape compleaityoe analyzed.

Papanikolaou categorized stress integration schemes into three main catégofilesr
integration, (2) analytical integration using closed form functiansg (3) numerical integration
in a form of Gaussian sampling on a Green path integta tird scheme was used in
Papanikolao@ studydue tolake of efficiency in the firstwo schemesApplication and validity
of the presented methodology wegm®venthrough momenturvature analysis and interaction
curves of five composite sectignscluding the welknown composite section reported by Chen

et al. (2001).

2-2-7 Rodrigues et & (2012)

In order b assess the behavior of RC columns under biaxial bending, Rodriques et al.
conducted an experimental stuiihatincluded four types of fullscale quadrangular columns.
total of 24 columns were tested under constant axial force apiadement controlled condition.
Six displacement paths were considered in theirysindluding uniaxial loading path abotite
weak and strong of the section, quadrangular, expending square, expanding circular and
expending rhombus displacement phs. Three cycles were repeateih each level of
displacement The global behavior of these RC columns and their energy dissipation and

damping capacity were discussed in their studies.

11



Rodrigues et al. defimfour branches in the foregeflection resporesof an RC column:
(1) precracking response, (2) pestacking response until the reinforcing steel yields, (3)-post
yield hardening zoneand (4) a softening phase. According to experimental redutgjal
loading did not affecinitial stiffness of tle RC columnsStrength degradation in biaxial loading
was higher thahe strength degradation uniaxial loadingand ultimate ductility decreaden
columns under biaxial loading.

Rodrigues et al. studied tharaulative energy dissipation and individlegicle energy for
all testedcolumns. They concluded that biaxial cumulative energy dissipatagsignificantly
higher than uniaxiatumulative energy dissipatiomut the summation of cumulative energy
dissipation about two princgh axeswas similarto the biaxialsummation of cumulative energy
dissipation. The expanding circular path dhamaximum dissipated energyetween applied
displacement pathsnd the quadrangular pathdthe leasdissipated energynergy dissipated
of quadrangular path was than the summation of dissipated energy about two pairexes.

I n addition to the columndés geometry, t he
affeciedtotal energy dissipation.

According to experimental results, the displacement gigtiificantly affected equivalent
viscous damping of the RC columns; however, the number of repetitive cydlemtdiffect
viscous damping. The quadrangular displacement plimonstratedthe highest viscous
damping.Proposed expressions in literature forimsiting viscous damping of RC structures
were validated against experimental da#ad two simplified expressions were proposed to

calculate equivalent viscous damping of RC column under biaxial bending.

12



2-2-8 Rodrigues et al. (2013)

Yield displacement differdgiates behavior of an RC column in elastic and plastic
regimes and \arious techniques in the literatulgave been proposetb calculate vyield
displacement/curvaturén order b calculate yield displacement, Rodrigues et al. adopted the
procedure origindy proposed by Park (1989) to be used in conjunction with the complete cyclic
response of the column.

According to experimental results achieved from a series of 24 celumaer biaxial ad
uniaxial cyclic loading, Rodrigues et abncluded that: (1Biaxial loading decreases maximum
strength of columnapproximately8% and 20% in the strong and weak direction of the columns
respectively However biaxial loading does not affeatitial stiffness. (2)Ultimate ductility ofa
column under biaxial loadgis significantly less thanltimate ductility of the column under
uniaxial loading. (3) Strength degradation is more pronounced in biakiatlingthan uniaxial
loading. (4)Biaxial loading does not significdgtaffect stiffness degradation.

Finally, displacemenbased performance limits were calculated using experimental data
andPart 3 of Eurocode (EC) hataccuratelyprediced drift demand of columns under uniaxial

loadingcomparedo experimental results.

2-2-9 Dutta and Kunnath (2013)

Based on moderseismic design codes, structures should undergo elastic behavior under
minor earthquake and damage controlled avoiding collapse under severe eartidoakesr,
this design philosophy is only related to service ability and ultimate limit states. Many
experimental and analytical studies have been conducted to evaluate accurate seismic demands

for performancéasel design. Howevera majority of these studies considered seismic motion

13



only in one principl direction. In the few studiethat consideed sesmic motion in two
perpendicular princigl directions, intensity of applied ground motion in one direction was small
compare to the other directionln order b increaseresearch of ground motion with similar
intensity in both princigl directions, Duttaand Kunnath assessed story drift of sirgflery and
multi-story idealized systems under uniaxial and biaxial seismic motions. They proposed a
simple and reasonably accurate hysteretic mtusiconsidered 20af-fault ground motions.
Based on results, ¢y concluded that biaxial interaction may lead to increakdét demand.
However, becaus¢éhey used a lumped nonlinear model, calculated results masfidiely
overestimated. The period of singiory system increased under biaxial interactioat the

same trend was not demonstrated in the rstdily system.

2-2-10 Bouchaboub and Samai (2013)

Bouchaboub and Samai used finite difference method to calculate the capacity of a
slender high-strengthRC column. The column in their study wasibjected tabidirecional
bending and axial forceand the stresstrain model inthe Federation International de la
Precontraint€FIB) textbook was usetb simulate behavior of concrete in compressibensile
strength of concrete was ignor&teelbehavior was assumed bbe elastieperfectly plastic. The
developed analytical method was validated by comparing calculated results and experimental

data for tests conducted by Olivier Germain and Espion (2005) and Pallares et al. (2000).

2-3 Effect of Axial Loading Pattern on Performance of RC Members

In this section a comprehensive review of studies about effect of axial loading pattern or

in other words fluctuating axial force is presented, chronologically, as follows.
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2-3-1 Saadeghvaziri and Foutch (1990)

Sadeghvaziri and Foutch wettege first researchers to conduct analytical studies of RC
columns under neproportional axial load and lateral force. The behavior of RC column under
lateral force and noeproportional axial loading was simulated using FEM. Based on analytical
results, &deghvaziri and Foutch concluded that-pooportional axial loading and lateral force
can cause an abnor mal phenomena called fAnegat
force-deflection curves are not of the Masing type. Negative energy was reglai
bySaadeghvaziri and Foutch in light of axial deformation. The effect of phasing in applied axial
loading was also investigated; calculated results showed that hysteretic loops did not follow a

unique pattern as a result of phasing.

2-3-2 Saadeghvaziri andFoutch (1991)

As discussed by Saadeghvaziri and Foutch, considering the maximum vertical
acceleration less than horizontal one is the lack of provisions in the seismic design of the RC
structures including buildings and bridges. Based on information gdtlherSaadeghvaziri and
Foutch, reports of some earthquakes indicated that the vertical acceleration of an earthquake is
large and the vertical acceleration can exceed the amount of the horizontal acceleration. In order
to assess the effect of seismicmoti6s vertical component on belt
Saadeghvaziri and Foutch modeled bridge column and deck behavior usimgdas3element
and a set of beam elements, respectively. The developed analytical model was employed to
analyze several bridgeunder two major cases: considering horizontal motion and considering

uncoupled horizontal and vertical motions. Based on analytical results, Saadeghvaziri and Foutch
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concluded that hysteretic momesurvature loops are unstable and asymmetric. Increased
applied compressive axial force caused the moment and shear in the column to increase,
consequently increasing the failure possibility in the column, foundation, and abutments.
However, increasing tensile axial force reduced the shear and the moment aufluimn,

possibly increasing the failure possibility of the column in shear. Sadeghvaziri and Foutch listed
other undesirable effects such as greater damage in plastic hinge or transition zone, increased
ductility demand, cracking of the entire cross setwof RC column, possibility of buckling and
pullout of reinforcing steel bars, and increased load carried by the abutments. The effects of
variable and uncoupled axial and lateral forces were studied in the foundation, abutment, and
connections of bridges Saadeghvaziri and Foutch studies. Detailed results for these portions of

bridges are presented in Saadeghvaziri and Foutch (1991).

2-3-3 Papazoglou and Elnashai (1996)

Papazoglu and Elnashai collected field evidence from three earthquakes in addition to
realts from dynamic analysis considering vertical ground motion. They believed that results of
previous strong earthquakes underestimated the ratio of vedibatizontal peak acceleration
for nearfault regions. Moreover, fluctuation of axial force wadiéved to potentially cause the
shear and flexural failure. They categorized all evidence into two main categories: filed evidence
and analytical evidence. Both categories included evidence from the buildings and bridges.

Based on field evidence, the tieal component of an earthquake influences shear
capacity of RC members (columns and shear wall) and creates the likely possibility of
compressive failure in vertical elements such as columns and walls. The vertical component of

an earthquake causes afarm increase in the axial force of all columns of a story, considering a
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uniform distribution of axial stiffness. Because overturning effect does not significantly affect
interior column design, these columns are more vulnerable to compressive faitireassu
interior columns in the -8tory parking building located at California State University, Long
Beach, California. The buildings appear to be stiffer in vertical direction than horizontal
direction; therefore, their vertical period is shorter tharhitrézontal period. The vertical period

is not influenced greatly by lateral stiffness and building height. In the other words, during
vertical motion, a wide varieties of buildings experience identical dynamic amplification.

After providing various field ¥dences and analytical studies, Papazoglou and Elnashai
concluded that failure modes occur which cannot be explained properly considering only shear
and flexural capacities. They asserted that, in such failures, the effect of axial overstressing
providesmore reasonable justification for observed damages. They also stated that, in addition to
compressive overstressing failure, the vertical component of an earthquake may cause shear and
flexural failure. The contribution of concrete in shear reduces wieeséttion is under reduced

compression or mild tension.

2-3-4 Saadeghvaziri (1997)

Sadeghvaziri categorized variation of axial load with respect to lateral force/displacement
into two main categories: proportional and fmoportional. In the proportional cagery, the
axial load and lateral force/displacement reach their extreme values at the same time and they are
applied simultaneously. In the second category, axial load and lateral force/displacement are
uncoupled. The axial foremoment diagram was calctéal with and without considering the
loading history. The flexural capacity of the section considering loading history in some level of

axial load was significantly less than the value calculated without considering loading history.
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Therefore, Saadeghvarzisuggested use of composite columns such as coffilede steel
tubular columns because uniform distribution of the reinforcement causes the effect of varying
axial load to be less pronounced. Otherwise, dmaled axial forcenoment diagrams should be
modified considering the worst case of the 4pooportional axial load and lateral force. Using

an analytical model, a cantilever column was analyzed under proportional aspdopontional
varying axial load. Comparison of obtained results from thesectses showed that ductility
demand of the column increased significantly by consideringpnoportional varying axial

loading.

2-3-5 Collier and Elnashai (2001)

Many design codes suggest use of a scaled spectral shape, originally derived for the
horizontal conponent of an earthquake to take care of the vertical component, meaning that
these design codes considered frequency contents of vertical and horizontal motions to be
identical, which is incorrect. Although\Baves cause horizontal motions, the verticahponent
of an earthquake is associated witiv&ves that have higher frequencies thanaves. Because
of this lack of design codes, Collier and Elnashai developed a new procedure to calculate the
elastic and inelastic vertical vibration period considgnmertical and horizontal motions. The
proposed procedure requires an engineering seismology arspediéic study. Using records of
past earthquakes, they concluded that the time interval between peak horizontal and peak vertical
accelerations increaseghen the distance from the earthquake source increased. The time
interval was influenced by earthquake magnitude, and for distances less than 5 km, peak vertical
and peak horizontal acceleration could occur coincidently. Utilization of a graph originally

developed by Elnashai and Papazouglou (1997) and knowledge regarding horizontal
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acceleration, distance, and magnitude from the earthquake source, allow vertical acceleration to
be specified. Vertical accelerations also can be calculated using the equagiosed originally
by Ambraseys and Simpsons (1996):

Log(a)= 1.74 ©.273 M, 0954 log( ) 0.0¥6S, 30.058 2.1)

where M, is earthquake magnitude and=d® #.7°> and d is durance from the earthquake
source. Parameters, and S; depend on the soil type: For rock, the parameters are equal to O;

for stiff sail, s, is 1.0 ands; is O; for soft soil,s, is 0 anl s, is 1.0.

VIH
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Figure2-1 Verticatto-horizontal earthquak&PAr ratio (Elanashi and Papazoglou,

1997)

Collier and Elnashai recommended a method for calculating force caused by the vertical

component of an earthquake using the vertical pemodaavertical response spectrum. Based on
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the observed interaction, a procedure was proposed for the combination of forces due to vertical

and horizontal components of the earthquake.

2-3-6 Esmaeily and Xiao (2004)

Because of overturning moment effect, colurmrmsall buildings and multcolumn bent
bridges are subjected to axial force proportional to lateral force under seismic or wind loading.
However, when the tall building or bridges are located in-feadt regions, axial force acts
proportional to laterahorizontal loading. Most studies conducted to assess the effect of seismic
loading of structural columns have used constant level of axial force or axial force proportional
to lateral loading despite considering complicated lateral loading patternsidntorperform
more studies on seismic behavior of columns underpmoportional axial force and lateral
loading, Esmaeily and Xiao conducted a set of experimental tests in which they tested six large
scale RC columns with circular cross section undestamt and variable axial force and cyclic
and monotonic lateral loading. Based on recorded {fdefkection and calculated moment
curvature responses, they concluded that peak flexural strength and displacement capacity of
columns under constant level ofial force and cyclic lateral loading is similar to the flexural
strength and displacement capacity for monotonic pushover loading case. However, flexural
strength and displacement capacity of columns under variable axial force with identical
maximum and nmimum values were completely different. In addition, the variation pattern of

axial force significantly affected column responses.
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2-3-7 Esmaeily and Xiao (2005)

In a companion paper, Esmaeily and Xiao (2005) simulated the behavior of RC columns
under varial@ axial force using a fibévased model, and they modeled the monotonic behavior
of steel using their own proposed stregin model. Esmaeily and Xiao also developed a
multilinear model, explained in detail in Chapter 4, to simulate cyclic behaviaeef Isars.
Stressstrain behavior of concrete fibers was modeled using a parabolic function in conjunction
with the nonlinear cyclic model proposed by Esmaiely and Xiao. Using rectangular fibers and
plastic hinge concept, foradeflection analysis of theircular section was modeled and
compared to experimental data. Analytical results were in good agreement with experimental

data.

2-3-8 Kim et al. (2011)

Kim et al. emphasized the importance of vertical peak acceleration and that «ertical
horizontal (V/H) aceleration ratio may exceed the value of thivds, as recommended by
design codes. In order to investigate the effect of the vertical component of an earthquake, Kim
et al. studied the effect of V/H peak ground acceleration and the time interval batweais of
those peaks. During an earthquake, the vertical component of ground motions is caused by P
waves, and Svaves cause horizontal ground movemeAnn v e s 6 wavel eng-th is
wavesd wavelength, or , i n tdi Bwaees iB bigher than¥Sd s t h
waves. Although energy content over the frequency rangewdv@s is less than theviaves,
the large amount of energy is concentrated in a narrow frequency range, causing large
amplifications in a short time. Kim et al. uziéd the Pacific Earthquake Engineering Research

nextgeneration attenuation project database and other observations from the literature in order to
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considef V/H ratio limited to 2.0 and time interval limited to 5s in their analytical study. They
analyzedtwo bridges (Santa Monica Bridge and the Concept Design Example No. 4 of the
Federal Administration [FHWA] designed based on AASHTO 1995) under earthquake ground
motion of five neaisource stations. These earthquake records had a vertical GPA greater than
0.3 and V/H ratio greater than 0.6. Using obtained analytical results, they concluded that
increasing the variation of axial force caused by the vertical component of an earthquake can
decrease shear capacity up to 30%. They also concluded that arrevainliynminimally affects
variation of axial force and consequently shear demand; in contrast, the arrival time interval has
a significant effect on shear capacity. They also added that no clear correlation between the time

leg and vibration period was olrged.

2-3-9 Lee and Mosalam (2013)

Lee and Mosalam believed that one of the primary reasons bridges fail during
earthquakes in the last decades is because of lack of redundancy of structural systems. Although
previous research has shown the effect of axialefanc shear capacity of columns, the most
critical el ement of bridgeébés structur al syste
estimating shear capacity. Failure to consider axial force leads to bending moment capacity
changes (compression incsea and tension decreases) and greater shear force. Lee and
Mosalam emphasized the importance of the vertical component of an earthquake and explained
how design codes account for the effect of this excitation. They asserted that-thedw/oatio
of peak V/H ground acceleration, as considered in most current design codes, underestimates the
effect of vertical excitation in nedault regions. In order to address the lack of experimental

justification, Lee and Mosalam studied the effect of vertical gtaxcitation on shear capacity
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of RC bridge piers using shaking table tests. Although the effect of vertical earthquake excitation
is more pronounced in a bridge comprised of small column aspect ratios, short spans, and multi
column bridge bent (Kunnath at 2008), Lee and Mosalam studied the single column. Isolation

of high-frequency vertical excitation of axial force variation caused by overturning moment and
shaking table size was mentioned as the main reason to study a single column. Vertical
earthqué&e excitation caused fluctuating axial force in the column, resulting in degradation of
shear capacity. Flexural damages occurred at the top of the column earlier than damages at the
bottom of icolumn due to large mass moment of inertia at the top. ledresasle of ground

motion caused increased flexural damages at the top and bottom of the column. Shear damages
occurred because of flexural yielding at the end of the column. Comparison of experimental
shear force with shear capacity predicted by ACI amftr@hs Seismic Design Code (SDC)
showed that the SDC predicted shear capacity more conservatively because of it neglected

concrete contribution under tensile axial force.

2-3-10 Mwafy (2012)
Using a fiberbased model, Mwafy (2012) investigated the effect ofica component

of earthquake in conjunction with horizontal component on seismic response of 12 misdium

RC buildings (2436 m). The developed analytical model was subjected to thefileshr
earthquake records. To avoid extreme conclusion, earthgxakations with unusual V/H peak
acceleration ratios were not considered i n M
normalized to obtain equal velocity spectrum intensity in the period range of the buildings. The
vertical component of an earthake increased axial force fluctuation in the columns, potentially

causing variation in column strength and stiffness because flexural and shear capacity of
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columns is highly affected by axial force level. Therefore, the -Rduplatform (Elnahsai et al.

2010) was used for analytical simulation in order to capture the large displacement behavior of
buildings under static and dynamic loading, considering material inelasticity and geomantic
nonlinearities. Using archived analytical results, Mwafy concludat ttie vertical component

of an earthquake significantly affects the seismic response of the member and structure levels. In
addition, Mwafy suggested that designs of mednisa RC buildings located at nefault

regions should consider maximum amplifican of verti cal ground mot |
results, the vertical ground motion effect increases when a building contains structural

irregularity, and the contribution of lateral seismic action is small at higher stories.

2-4 Material and Plastic Hinge Models

Analysis of RC elements or structures requires analytical material models to simulate
cyclic and monotonic behavior of RC element components. These models should accurately
reflect monotonic and cyclic behavior of materials. This section providesmgprehensive
review of material models for monotonic and cyclic st&sain relationships of steel, plain
concrete (unconfined concrete), concrete confined by lateral steel (tie/spiral), Fiber Reinforced
Polymer (FRP), or both lateral steel and FRP. diditeon, current assumptions regarding

curvature distribution over column height, specifically plastic hinge models are reviewed.

2-4-1 Monotonic Material Model

Real monotonic material models for steel and concrete confined by various lateral
reinforcements we obtained from tensile tests of steel bars and compressive tests of concrete

specimens. Numerous models have been developed based on observed behavior of steel,
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concrete confined by lateral steel, concrete confined by FRP, and concrete confined moth F

and lateral steel. Some of these models are briefly discussed in this chapter.

2-4-1-1 Steel
Because mild steel is generally used as reinforcing steel in concrete members, only the

behavior of mild steel is discussed in this section. Actual behavior ofbsteetinder tensile test
is shown inFigure 2-2. As illustrated in this figure, increased tensile strain caused the steel to

demonstrate linear elastic behavigy to the yield point &, f,). After that yield point, steel

strength did not change significantly with increasexite strain. This region is referred to as the
yield plateau in the literature. The strain hardening region followed the second region to the

ultimate strength of steeli( ). In the last region, also known as the paitnate stres region,

steel strength decreased with increased tensile strain.

2-4-1-1-(a) Multilinear Models

Many researchers have used multilinear models in analytical studies to simulate uniaxial
behavior of steel bars. In multilinear models, steel behavior is simplified msultiple linear
functions. Two examples of this type of model are showkigare2-3.

One of the commonly used multilinear models is the elpsréectly plastic model which
includes two lines. The first line has a slopeado steel modulus of elasticity continuing to the

yield point. The second line has zalope, as shown iRigure2-3.
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Figure2-2 Typical monotonic curve of mild steel iansion
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Figure2-3 Multilinear models (a) bilinear or elastiperfectly plastic model and (b) quad linear
model
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Figure2-4 Monotonic stessstrain model for steel proposed by Menegdtioto (1973)

2-4-1-1-(b) MenegottePinto Model

MenegottePi nt o6 s mod el (1973) includes a biline
steel modulus of elasticity up to yield strength models elastic behavior dihnséerial. The
postyield strength is defined as a linear function with a slope equal to a portion (defined by
parameter) of the initial partodés sl ope. Howe v

MenegottePinto moel is summarized in the following equation:

(1- b) ==

&
E’y

1 OO 05

fs _p a5
f, e (2-2)
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whereR, is the exponent that controls the transition between elastic and hardening branch.

2-4-1-1-(c) Mander et al. Model (1984)

The model of Mander et al. (1984) wdsveloped as a result of many tension and
compression coupon tests. This model, which takes into account elastic behavior, yield plateau,
and strain hardening of steel material, has three main regions, as sheigarg2-5. The first

region is a |inear function with slope equal

27



yield point with stress equal to yield stress of steel. The second region simulates yield plateau,
and the third region is an ascendingve up to the maximum strength of steel, simulating the

strain hardening region of steel behavior. The jpdighate stress region is not considered in the

Mander et al. model.

fs
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fy |-
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Figure2-5 Proposed sé&ssstrain model for reinforcing steel by Mander et al. (1984)

Stressstrain functions for these three regions can be summarized as

) T Oce C¢
fo=f,
gt et (2-3)
o P
dp - e @
fo=fy (fo £) o F g et ety
(;esu' & =

wheree,, e, e, f,, f,, E,, and f,, are steektrain, steel strain at commencement of strain

hardening region, steel strain corresponding to ultimate strength, steel stress, steel yield stress,

steel modulus of elasticity, and steel ultimate strength, respectively. Pardmistelefined as

o

P = aesu - &
= E ?ﬁ (2-4)
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2-4-1-1-(d) Balan et al. Model (1998)
The monotonic response of reinforcing steel in tension is typically assumed to be

identical to its response in compression. The tensile and compressive responses were considered
to be dentical; therefore, the linear strength degradation of compressive response due to local
buckling was ignored in Balan et al. model. Balan et al. (1998) considered two coordinate
systems in order to model linear strength degradation. They consideradaldemtve for steel

in tension and compression in engineering coordinate system, resulting in varied behavior for
tension and compression in a natural coordinate system. Their proposedtsaiassurve for

reinforcing steel in tension in the enginegrooordinate system was

&
r=f, ) g G*) & (2-5)

@r) e

where r = E,/E, is hardening ratio and;, is slope of asymptote in the strain hardening region.

Eq. (44) describes a family of parallel hyperbolas with two aswtest that depend on

parameterd. Parameter is defined as

g=_% (2-6)
1-r
where g, is the area of triangle bounded by two asymptotes and the tangent to the hyperbola.

Balan et al. (1998) extendéty. (4-4) to define the linear elastic region, yield plateau, and strain
hardening behavior of reinforcing steel in a single equation in the engineering coordinate system

as follows:

aro L+nie; ¢ A, e, e0 (2-7)
fs= gl(l'-ri) ei ? eﬁsdl

where
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Eq. @-7) was used to define the tension curve in the engineering coordinate system, éhd Eq.
12) converted the tensilmonotonic curve:
a=In@ +8
3 (2-13)
fo=In(1 +,)

where g, and f, are strain and stress, respectively, in the natural coordinate system.

2-4-1-1-(e) Esmaeily and Xiao Model (2005)

Esmaeily and Xao 6 s steel nsonolatds bemavior ofmlonditedinal
reinforcement when additional detailed reinforcing sta@rmation is available.This model

takes into accountigld plateau, strain hardeningnd softening of steel materi@dls shown in
Figure2-6, four parametersK;, K,, K;, andK,) were used to simulatressstrain behavior of

varioussteeltypes. These four parameters are defined as:
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K,= ratio of strain at the start tiie strain hardening region to yield strain
K, = ratio of strain corresponding to ultimate strain to yield strain
K;= ratio of ultimate strain to yield strain

K, = ratio of ultimate stress to yield stress

fs

K4-Xfy ______________

fol-

Figure2-6 EsmaeilyXiao (2005)monotonic stresstrain model curve of steel

2-4-1-2 Concrete

Compressive behavior of plain or unconfined concrete is commonly obtained from
compressive tests of cylinder specimens with a hagltameer ratio of 2. Tensile strength of
plain concrete also can be obtained directly from tensile tests. However, the direct tensile test is
rarely used due to difficulties associated with holding the specimen and uncertainties of
secondary stress caused by hoéding tools. Therefore, tensile strength can also be measured
indirectly using a splitylinder test. Experimental data has been used to develop numerous
stressstrain models for unconfined concrete. A few of those models are described in the

following sections.
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2-4-1-2-(a) Hognestad Model (1951)
The ascending portion of the stress r ai n curve in Hognestados

parabolic function. The descending branch of the model is defined using a linear function as

follows:
e e =0
PiEe ledl L
- |
- g% c& A (2-14)
T ) @
1fi3d 015 32T 8 Fo o 0.003
T8 0.0038 e, 4

where f_, fj, e, ande, are axial compressive stress of concrete, maximum strength of plain

concrete, strain of concrete, and strain corresponding to the maxstnength of plain concrete,

respectivel y. I n Hognestaddés model, fracture

2-4-1-2-(b) Mander et al. Model (1988)
Mander et al. proposed a stressain model that considers Popovics equation as follows:

e e @
I é 33 r |:|
| .é e u
i fo? 6—"——= e @ 3
Ve a O AN
£ =1 -1 42 g (2-15)
N & e - u
1 e G=c0 ~ U
| :
- 231 3f g
I < 3(es-§)23e s e
A p (¢3] C S
ep,-224 [r 1-2)
where ¢, is spaling strain of plain concrete, ands defined as
E.
r=——— (2-16)
Ec - Esec

E, is the concrete modulus of elasticity, agg. is defined as
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_fdb
Esec e, (2-17)

2-4-1-3 Concrete Confined by Lateral Steel

2-4-1-3-(a) Richart et al. Model (1928)
Richart et al. (1928) conducted one of the first studies on the effect of transverse

reinforcement on enhancement of concrete compressive str&iglart et al. used test results
of 100mm® 200mn cylindrical specimens under various transverse pressures to conclude that
strength and corresponding strain increases in proportion to transverse pressure increase. Based
on experimental reswlf they proposed the following equation to predict compressive strength of
confined concrete by lateral reinforcement:

fe=Ffgoik # (2-18)
where f3, f, fi, and k are plain concrete compressive strength, transverse pressure,
compressive strength of confined concrete, and experimental coefficient, respectively. Strain

corresponding £..) to maximum stress of confined concrete wiasigas
(2-19)
where g, is strain corresponding to maximum strength of plain concrete.

2-4-1-3-(b) Mander et al. Model (1988)
The model of Mander et al. (1988) was developed analytically for circular or rectangular

crosssections. Researchers have used this model to simulate monotonic behavior of concrete

confined by conventional reinforcement. The RC section may contain any general confinement
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type provided by spiral or circular hoops, or rectangular hoops with or wigupplementary

crosstie. In this model, the effect of any confinement type is taken into account by defining an
effective lateral confining pressure. Effective lateral confining pressure in this model depends on
lateral and longitudinal reinforcement don gur at i on. Tdtran retatotiship 3s st r

based on an equation proposed by Popovics:

(DXDs (D (D> (D~ D (D

S (2-20)

oS 5 AL 1.6 2.21
ecc ﬁél %f_ C ( )
e Clch -+
r is defined as
:L (2_22)
Ec - Esec

and .= fi/e... Maximum strength of confined concrete is expressed as

é 3 . .
fi=fg,i% 1254 26254 1 9P i b (2-23)
é fcb ch [

In Eq.(2-23), i is effective lateral confining pressure defined as

1

f|i=§ke r, 1 (2-24)

yh
where r is the ratio of volume of transverse reinforcemen, is yield strength of the

transverse reinforcement, angis confinement effectiveness coefficierit, for a circular

column can be calculated by
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2d, -
€ =5 = circular hoope
cc (2-25)

S circular spiral

si, dg, and rcc are clear spacing between spiral or hoop bars, diameter of spiral or hoop, and

ratio of area of longitudinal steel to area of core of section, respectively. For a rectangular section

reinforced laterally by rectangular tie and crtiss the confinement efttiveness coefficient is

defined as
& n(w)® 0& s 6 _.4s |
a- 04 — ¢ 2
@ ag ggé 2, 2o, (2-26)
= 1-r

where b, and d, are core dimensions to centerlines of perimeter hoop sna ydirections,
respectively. To predict strain correspondingfitst fracture, Mander et al. used an energy
balance approach by equating strain energy stored in the concrete caused by confinement to

strain energy capacity of lateral reinforcement (Mander et al. 1988).

ECU &l
110r, = fifd e + fgfl . 0.017/fp (2-27)

0 0

where f is stress in longitudinal steel reinforcement.

2-4-1-3-(c) Cussan et al. Model (1995)

Because proposed strestsain models for normatrength concrete may overestimate
strength and fracture strain of higtrength concrete, Cusson and Paultre (1996pgeed a

model to predict monotonic behavior of higtiength concrete confined by steel ties using
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experimental results of 50 largeale highstrength concretéed columns tested under eccentric
loading. Cusson and Paultre considered effects oyi¢id strength, concrete compressive
strength, tie configuration, and lateral and longitudinal reinforcement ratios when developing
their model (Cussan and Paultre 19953train The
curve for confined and unconfinesbncrete is a relationship originally proposed by Popovics
(1973). The second part of the curve is a modification of the relationship proposed by Fafitis and

Shah (1985) for higistrength confined concrete. The mathematical expression of this model is

o1 88 8 (2-28)

—) =) =) == = = (D:

. k,
: fccs exp(kl 3(ec '5%) ) c€ &€
wherek, andk, are defined as

In(0.5)

(ecsoc - Q)kz

k1:
(2-29)

k,=0.58 +1§ f/ fo) "

Maximum strength of confined concrete is calculated using the equation propoBezkb\et al.

(1990):

0,
Tb_10 421 M1 (2-30)
fc.b ch

WO o
& 0 08

Effective lateral pressuref() is calculated using equations developed by Mander et al. (1988)

which consider f,  (stress in transverse reinforcement) instead of Strain corresponding to

hce

maximum strength of confined concrete is defined as
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As reported by Cusson and Paultre (1995), yield strength of lateral reinforcement develops at
peak strength of concrete only for wetinfined highstrength concrete specimens; therefore,

peak strength of confined concrete is computed by employing an iterative process.

2-4-1-3-(d) Kent and Park (1971)
Based on experimental results, Kent and Park (1971) proposed asgt@@ssnodel with

three braches for concrete rectangular sections. The mathematical expression of the first branch
is given as

e 4 e ¢0.002 2.32
fe= fee8 062 0002 0 “ o (2:32)
e. g . -

Kent and Park assumed that lateral steel does not affect the shape of the first branch. The second
branch of Ke n tstramoudve iPgverka8 s st r ess
fo=fe gl -Z(e, ©.009 0.002¢ e ¢g (2-33)

where

z= 0.5 (2-34)
&, + &, -0.002

and

3+0.002 3f :
e, =————% (f_in psi 2-35
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By = /_ 2-36
Oh 4 s ( )
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In Eq. (335), r,, b, s are ratio of volume of transverse reinforcement to volume of concrete

core measured to outside of hoops, width of confine core measured to outside of hoops, and
transverse reinforcement spacing, respebti The third branch of the model is

f.=0.2 3f(;c &> K (2_37)

2-4-1-3-(e)Faf i tis and Shahodos Model (1985)

Fafitis and Shah (1985) initially developed a strgtsain model for a circular concrete

section. They later proposed that sgusections can be treated as circular sections with diameter

equal to the side of square core. Effective lateral pressure caused by lateral reinforcement is
defined as

where A, f,, d,, andsare total section area of the transverse reinforcement in vertical cross,
yield strength of the transverse steel, core concrete diameter, and lateral spacing, respectively.

Fafiti s aada inchitlea twdé branaghes: ascending and descending branches.

Mathematical expressions of these two branches are

€ a o %
fc:fccq - - 0 Oce Cg
g8 ¢ G+ (2-39)
' A 1.15
fo = foe EXPg ke (e g &> &

Compressive strength of condid concrete {__), coefficientk , and powerA are defined as

A=E 3% (2-40)
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2-4-1-3-(f)Sakno and Sunés Model (1993)
Sakino and Sun developed a strsgain model for circular and square section using

experimental results of columns under axial loading. Their stteg® model is given as

AX+(D 1) X? (2-41)
“1+(A -2)X BX?

C

&

3 . . . .
, A= Ec® € , and f__ is calculated using the following equation:
€co

where X =

fo=m3ty ¥ £ (2-42)
In above equationy/n depends on the shape of the concrete section. For a circular section,
m=0.8; for a square sectiom=1.0. ki s a coefficient that depend:

a square sectiork is defined as

k=115 % _S (2-43)
cC ¢ 2D,

wher D, and C are the centeto-center dimension of a steel hoop and transverse distance
between any two anchored longitudinal bars, respectively. Strain corresponding to maximum
strength of plain concrete cae calculated using the following equations:

£ 1+47K -) K ef
ecO_

- 2-44
$l335+ 20K -15 K 4. (2-44)
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where K =f—°,C and g, are defined as
c0

6=052431(1,) " 10°. (2-45)

In EqQ. (344), the concrete modulus of elasticity is calculated usingptimeving equation:

2,

af 0 a g
=4k cc x qu a : (2'46)
= Hooo 8 T F2a!

where k is an empirical coefficient that depends on the concrete mixture material. This

coefficient can be 0.9, 1.0, or 1.2. is equal to 0.75 for steellie and 0.5 for square hoops.

ParameteD in the stresstrain function is calculated by

<11
23

D=15-1.68 10° f} g (2-47)

2-4-1-3-(gJSaatcioglu and Razavi 6s Model (1909:
Similar to the model proposed by Kent and Park (1971), Saatcioglu and ®&azavimo d e |

includes a parabolic ascending branch and a linear descending branch. The initial branch is given

as
%K ¢ (2-48)
v

8
k.2 f _ -0.17 .
where K=" and k=67 {f) . f is lateral pressure caubeby transverse steel
c0

reinforcement, given as

_ é &3 fyh %ina (2_49)
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where a is the angle between transverse reinforcementogiscthe dimension of core concrete.
A is the toal area of lateral reinforcement. Confined concrete strengthié calculated by the
following equation:
=ty e (2-50)
where f, is effective lateral pressure caused by lateral reinforcemeidimtied as:
fo =k, 3f (2-51)

In Eq. (350), k, is 1.0 for circular sections, and for square section is given as:

K, =0.26 ab, & @ 1 0o
\/ge— & @—fae (2-52)

wheres is the distance between longitudinal bars. iBtcarresponding to compressive strength
of confined concrete is calculated by

e.= g1 #K) (2-53)

2-4-1-4 Concrete Confined by Fiber Reinforced Polymer

2-4-1-4-(a) Saaman et al. Model (1998)

Samaan et akxpressed monotonic behaviorFRP-confined concretéy calbrating the
Richard and Abbott (1975) relationship. The equation of monotonic -stireés curve in this

model is as follows:

= (BB P
(E-E) % 68 (2-54)
aei O

WO Q) Qo

where
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cu

E :3950/ f_o MPa] =47.58Q/ 1000 ¥, Ksi

' E. 3t , E. 3t
E, = 245.613f 02 1_3456_émD_f WPa ] 52.411f,% 1.3456—3—""D L ki (2-55)

=f, 6.0 #7'[MPa] fg 3.38 f2"ksi]

f,=0.8723f, ©.371fF 6#2580Pa ] 0.872f, 3 0.37f,  0.908{

feu

_fo
E,

€u =

Samaan et al. used a cusleape parameter=1.5for the Richard and Abbott equation.

2-4-1-4-b)Lam and Tengbés Model (2003)
Lam and Tang (2003) proposed a desigented stresstrain model for FRRonfined

concrete. Their model contained the following basic assumptions based on test observations of
FRP-confined concrete with a monotonically increasing ststssn curve:

1 The stresstrain curve includes a parabola first portion and a straight kcensl
portion. This assumption leads to a stresain curve similar to models implemented in
codes for unconfined concrete.

1 The parabola slope at the initial point ( 1) is equal to the slope of unconfined
concrete curve@). This assumption is to account for the fact that initial stiffness of
FRPRconfined concrete due to the passive nature of confinement is affected by FRP.

1 The first parabola portion isfatted because of the presence of FRP. This assumption
reflects the fact that FRP confinement is activated when concrete behavior is nonlinear.

1 The slope does not change when the first portion meets the second portion.
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Figure2-7 Proposed stresstrain model for FRfeonfined concrete (Lam and Teng (2003))

Based on assumptions in the Lam and Teng model, the following expression is given for this

stressstrain model:

2
fc:Ecec @ % Oq:eC (]:15
a1, (2-56)
fc:fO Ezec q(]: (.eq:cu‘

where f, is intercept of the stress axis by the linear second porgipns ultimate strain, and;

is strainat which two portions meet, given by:

— 2f0 -
“TE-E) (:57)

where E, is the slope of the linear second portion, given by:

g, == fo (2-58)

cu

where f__ is compressive strength of the confirsahcreteTo predict ultimate strain, Lam and

Tang used the constitutive model proposed by Ottosen (1979). The following expression was
proposed for ultimate strain in order to plot the strain enhancement ratio against the actual

confinement ratio for Cadn-FRP wraps and AramiBiRP wraps:
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ecu _ a Efrp 3t Qe@up 2-59
=175 AZe T G (2-59)
€0 c sec3 R - @

whereE., R, E,,, t, and g, are second modules of elasticity at the pogssive strength of

unconfined concrete, radius of circular section, elastic modulus of FRP, thickness of FRP, and
actual FRP hoop rupture strain, respectivelyperimental data from the present database in the
literature was used to suggest the follogviaquation for obtaining compressive strength of

confined concrete:
fe oy galia (2-60)
ch ch
where 1, is confining pressure caused by FRI. calculate f,, Samaan et al. proposed the

following equation beed on experimental data (Samaan et al. 1998):
f,=0.8723f,, ©.371f% 6258(Pa (2-61)

Using empirical results of 63 specimens, Lam and Teng demonstratef] tisahdependent of
confinement pressure and, for simplicity, they used f_, in their model.

Lam and Teng also proposed an FRP efficiency factor defined as the ratio of actual FRP

hoop rupture straind, ) in FRRconfined concrete to FRP rupture strain from flat coupon test
(eq,)- The obtained efficiency factor equaled 0.586 for 52 GRiripped specimens out of a

total of 76 specimens. Therefore, the ultimate strain of CEd&RFined concrete can be expressed

as.
o 045
e fila &y, O
©=175455% 2 &° § (2-62)
€0 (o ch ¢ & -+
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2-4-1-4-c)Bert het 6s et al Mo d el (2006)
Berthet et al. (2006) presented a model based on an analytical approach. They

categorized the mechanical behavior of confined concrete into two distinct parts. The first part,
related to the low level of strain, is based on the theory of elasticity arnl strapatibility
between concrete core and composite jacket. The second part, related to the high level of strain,
corresponds to pseugidastic behavior. This second part can be assessed using experimental
data. The following steps are needed in ordebtain the stresstrain model:

1 Prediction of ultimate behavior

1 Modeling of the second region

1 Modeling of the first region.

Using MohrCoulomb failure criterion, Berthet et al. proposed the following equation to
determine the ultimate strength of confircahcrete €, ):

foo=foo 44 Fy (2-63)

where f’

co’

f,, and k, are ultimate concrete strength of plain concrete, ultimate confinement

pressure, and confinemeafficiency, respectively. When stress equilibrium is used to obtain

ultimate confinement pressure, Eg63 is represented as

=1l &, % B e (2-64)

cc

where g, , e,, t, andr are the Young modulus of FRP jacket, ultimate circumferential strain in

the jacket, jacket thickness, and radios of the concrete core, respe@mafipement efficiency
(hardening parameter) can be presented by regression analysis:

k =3.45 20¢ f,, ¢50MPa (2-65)
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K=z 50¢ f,, ¢200MPa
()

The following expression represents ultimate axial strajn)(based on experimental database:

_ . GAE O _
&u= 8 ‘k/iég? . Lwe :4 (2-66)
wheren,, E,ande, ar e Poissonds ratio of plain concr e
strain corresponding to the change of slope from pselaftic behavior to the pseugtastic
behavior which is 0.00Regression analysis was used to obtain the following equation for the
slope of linear relationship between the psepldstic branch and the confinement modulus:
g =2.7%F, -16¢ (2-67)
Reference plastic stres§)() can be calculated with the following equation:
fo=fe 4 P& a8 (2-68)
Compressive stress for the second branch can be estimated by following equation:
fo=fe a (2 Yooe o) e 3% €t £ (2-69)
where ¢, is axal plastic strain corresponding & , and e, is axial strain.
For the first branch, Berthet et al. (2006) used the following expression proposed by

Ahmad and Shah (1982) and modified by Toutanji (1999):

A3 e
fo. Ae e, C & 2-70
““l+b e € 2 ’ (2-70)

The boundary condition of stresfain curve was used to obtain constanid, and 0 as

follows:

E ¢

A=E £(1 1) (2-71)
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C== g
& = fo

whereO is Young modulus of plain concrete.

2-4-1-4-(d) Teng et al. (2009)
In 2009, Teng and his research group (Teng et al. 2009) refined the-desiged

stressstrain model originally proposed by Lam and Teng in 2003. Based on the new database
compiled by Teng et al ., Lam and Tengds model
at high level of confinement and underestimated compressieng#tr at low level of
confinement. In addition, the effect of confinement stiffness was only considered for the ultimate
axial strain equation but was not considered in the compressive strength equation.

In their new work, Teng et al. (2009) posed tworredi versions of a stresgrain model.
In the first version, they updated only the ultimate axial strain and compressive strength of the
original model. In the second version, they modeled the descending branch not covered in the
original model. Teng et alproposed the following expressions for ultimate axial strain and
compressive strength in the first version:

f

f_(%C:CS +Fs(rk) ? £ r)e
< (2-72)

e
—=C F{r) T(r)
c0
where C,and C, are constantF, (r,) and F,(r,) are functions of the confinement stiffness ratio,

and f, (r ), and f(r )are functions of the strain ratio. Based on experimental results, these

functions are defined as:
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C, =10, C, A.7¢

é3. - 20.01
R 1 %Y e (2-73)
|

0 r,<0.01
Fo(r)® £ n. 65 3F 3%
For the second versiaf their stressstrain relationshipTeng et aladded another part to

Lam a n dorigirmlmgdelsvheng ¢ e ¢ ¢

¢ _(E-B)
TEe-~———"— 4 3¢ c+t0 & ,
i 4f,
f=le f,+Ee ¢ 2001 (2-74)
3 fo-f gt ¢ e
1 - 2 1, 001 ““
i €u- &

whereg,i s defined in Lam &nisdefhedmgfdievs:mode | (2003)

o 3.5(r, -0.01)f

c0

f—C,“z 0.85f, r, >0 (2-75)

c0

T =0.85f, r, =0

c0

2-4-1-4-e)Lokugeds et al. Mo d el (2011)

The stresstrain modelproposed by Lokuge et al. is based on 2&tial tests on four
grades of concrete (40, 60, 75, and 100 MPa) and three confining pressures (4, 8, and 12 MPa).

In order to predict the relationship between axial strajnapd lateal strain (g, ), Lokuge et al.

(2011) used an equation proposed by Candappa (2000):
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o a.
Ec 1 g 0
e 0 6> ¢
i Qecc o

where e.., e, and a are axial strain correspdimg to peak axial stress, corresponding lateral

strain, and material parameter depending on uniaxial concrete length, respectively. Paaameter
is approximated by:
a=0.0177f, +1.281 (2-77)
n? isinitial P o i s savordéfised in Candappa (2000) as:
e =8 210° (f,) 0#000Z, 043 (2-78)

In order to obtain axial strain corresponding to peak axial stress, Lokuge et al. used the

equation suggested by Attrad and Setui#gead, 1996)

o

e . f
Zee =1 {17 0.06 ! 2-79
ecO ( CO)éﬁfc_O ( )

where f, and e, are confining pressure and axial strain corresponding to peak uniaxial

compressive strength in plain concrete (generally assumed to be 0.002), respectively.

Compresive strength of confined concrete is given as:

o

f

(2-80)

4

¥

—h
Lo

e
ch t

¢

where f, is tensile strength. Because the silica fume was not utilized in the work of Lokuge et al,

tensile strength is given as:
f, =09 3034 1) (2-81)

k is a constant defined as:
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k=125 +o.062:—! o) " (2-82)
c c0 -

Lokuge et al. expressed axial stress, axial strain, and lateral strain behavior of concrete as

follows:
& & feee20
(0]
: 2,5 e &2 = 8+fl Before Pea
I e 9
s, = ¢ (2-83)

2 2 & B o)

0 a dag+ ¢ 9 O

ot H-e € % g 3

T2tmp -e -d g+  After Peak
~ F> 2] 0

¢ +

where cand d are material parameters depending on uniaxial concrete strength. Lokuge et al.
(2011) proposed the following equations to predict these parameters based on best fit curves for
each concrete strength:

c= 0.0427f, ¥.738

(2-84)
d = 0.0003f, 0.005

tmp @Nd g are maximum shear stress at peak and maximum strain at peak, respectively, defined

as

mp 2
(2-85)
_6c- &
gmp - 2
In Eq. (384), confining presse f, is obtained based on force equilibrium as follows:
frp3n 3
f, =g (2-86)

S

where d_, f n, andt are diameter of the cylder, hoop stress of the carbon fiber sheet,

frp ?

number of sheets, and sheet thickness, respectively.
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2-4-1-4-(f) We i and Wudbds Model (2012)

Wei and Wu (2012) proposed one of the most recent models for-strassrelationship

of concrete columns confined by FRP. Thisdel was developed based on the large number of
dat abase from authorso

0 own tests and tests
is its unified efficiency for use with circular, rectangular, and square sections.
We i and Wubs twoopdrss.l Thedistmpartaof thesmodel is a parabola with an
initial slope in e, =0 equal to the elastic modulus of unconfined concrete. The first part meets
smoothly with the linear second part. The following equations presenttiheparts

f l EC 4+_0 —=<~0 ECeO

eg B 0¢C_ed
I

(2-87)
| fo"'Ez(ec 'é) e eg
where g, is transitional strain calculated by the following equation
(fo"' o Ececu) \{( fo f& Ec"'@l)z 8fEc 6
e = (2-88)
2E,
E, is the slope of the second portion, defined as
fo - f
E cu 0 -
? €u- & (2 89)
In Egs. (387) and (388), f.,, e,
stress, respectively.

and f, are ultimate stress, ultimate strain, and transitional
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Figure2-8 Unification of column shapes (Wei and Wu (2012))

Wei and Wu also introduced two parameters, the esesBonal aspect ratich(b) and
the corner radios ratio2( /b), in which h, b, andr are length of the longer side, length of the
shorter side, and corner radios of a rectangular section, respectively. Wei and Wu used these two
parameters to unify their model for circular, sgqaand rectangular columns, as shown in
Figure 2-8. They used the following equation, achieved by regression of database, to obtain

ultimate stress of FRPonfined concrete:

fou 7612r Bar, " na’
=0.5 +2. 6 % —a (2-90)
ch _éﬁf; @ b(;;
where f, is calculated by:
2E
= (2-91)

whereb is width of columns and is equal to the diameter of circular columns or the length of the
smaller side of rectangular columns. Wei and Wu used regression of full datahagsent the

following mathematical expression for calculating ultimate sifa/ei Y. Y., 2012)

52



5 o 0.62

o 0.7 -0.3
e af o f F3) r ha
S =175 12 & % 203" 0643 (2-92)
e, ®F, 8 2 &b %g

where f,, is concrete strength of unconfined grade C30 concretefgnts maximum strength
of unconfined concrete. In the absence of test values, the valeg af Eq. 391 can be

calculated using the equation proposed by Popovics (1973):

e, =0.000937f,, (2-93)
Regressionralysis was used to present the following equation for calculating transitional stress:

s2r %° hgte
fo = f. +o.43§‘eE 8 L fi (2-94)
¢b = bg -

2-4-1-4-(g) Youssef et al. Model (2013)

The modeby Youssef et alis based on reswdtfrom largescale testsn circular, square
and rectangular séons confined only by FRRrap. The first part of ta model is a polynomial
that simulatesinconfined concretbehavior The second padf the modeis a linear function of
strain that can predict ascending behavior of modetatbigh-confined concret sectionsand
descending behavior of lewwo moderateconfined concrete sectionStressstrain equations of

this model are as follows:

n-1

e o ~ o - _
f.=E. %€ 1%58%‘;‘8 Cg‘ndn(i=%90 g ¢andE O
&
§ "c B -a 4 & ek
& 1z - (2-95)
f=E, %l 152 g andn =— € 0 e ,adE O
¢ ngg - E° e-f

fC: ft -IEQ (%C lé t e C¢eCU
where for the circular section, utitate strength and strain are calculated by the following

equations:
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-00: OF,

0

e,, =0.003368 +0.259 I 8
G 'co —g frp

(2-96)

843t E, 8

o
N

4%t E, 8,
cO

a 0
g =0.002748 +0.1169§— §

(_; g gfr

Slope of the second branch can be calculated using ultimate strain andhsfegngt,,) and

strain and stress in the transition poiat (f, ).

2-4-1-5 Concrete Confined by Lateral Steel and FiberReinforced Polymer

Mo d el (2006)

2-4-1-5-(a)Har aj |l i 6s
ationship between

Haraj i 6 s model for the r1el
FRP contains two parts. The first part is a parabola similar to the model proposed by Scott et al

for the ascending branch of the stre®in relationship for unconfineconcrete or confined

concrete with transverse steel ties:

e 420
fo=fo€ = == 6 et g (2-97)
Sfco QecO -

where f,, and e, are stress and strain at the intersection point between the first stadgeeand t

second stage.
Harajli et al. proposed the following expression for the second part of the-sthaas

relationship:
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fo=fo *fy k-lflsi e> 8 (2-98)
A
where k, =4.1, A, is the area of camete core confined with internal transverse ties, and

the gross area of the column sectiap.and f, are lateral passive confining pressure exerted by

FRP and ordinary transversteel on the concrete section, respectively. They are expressed as

(2-99)

In Egs. (398), t, is yield strength of transverse ties apds modulus of elastity of steel. r,

is the volumetric ratio of FRP sheets, expressed for the circular and rectangular concrete sections

as
4n.t . .
re= Df For circular concrete section
(2-100)
2n.t(b+h .
I :% For rectangular concretecion

where n,, t, D, b, and h are the number of FRP layers, design thickness of FRP fabric,

diameter of circular section, smalldimension of rectangular section, and larger dimension of
rectangular section, respectively.

The termr, is volumetric ratio of transverse steel ties or hoops (volume of ties or hoops
to volume of concrete core measured to outsideoops). Based on the approach suggested by

Sheikh and Uzumeri (1982) and Mander et al. (1988), paramegfens,, and k, are as follows

for rectangular section using FRP:
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1- (Wf -IW§)/6xy

o (- o) (2-101)
k,=1.0.
For a rectangular section, using hoogs, andk, parameters are defined as:
1- a(vvf, -lei)/6xy
")
(2-102)

_(1-5/2@(1-s/29
- 1-r

where w,, and w, are"®) clear distance between adjacent longitudinal bars along the horizontal

x- and ydimensions, respectively (x and y are concrete core dimensions to centerline of

peripheral hoop).r.. is the longitudinal steel ratio relative to the confined concrete core

measured to outside of hoops, a5 clear vertical spacing between lateral hoops.

ParameterQ for circular column reinforced laterally with circular hoomsd spiral is
defined as

(t-sr2d)

- 1- rg.
(2-103)

_1-s/2d,
1-rg

K,
whered, is diameter of spiral or hoop.

Stress and strain in the intersection point between the first and second part of plagt two

relationship ofhe stresstrain model are proposed as follows:

‘ Ak, r (E kr E&A €
fco - fco "klel ngef 2f f L<._es V;- st S§AJCC S (2_104:
¢ ¢ B
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°" % Fo
where g, is lateral strain equal to yield strain of transverse steel hoops, or 0.002 if no internal

confinement by transverseest is available. The stressrain relationship for the second stage of

this model is:
f.= (K¢ K) K, e> g (2-105,
where
K, =0.003%E, -, 1kll-:rs ﬁoge% 0t9 (2-106;
2 cb
and
B =kgriE /2
(2-107)

E'S = kESr SES/ 2

2-4-1-5(b)Ei dbs eel(2088). Mod
Eid et al. (2008) proposed a model to predict axial and lateral behavior of circular

concrete columns with transverse steel and FRP. The proposed model integrates the contribution
of FRP and transverse steel. In order to predict the behavianéihed concrete, an effective

confinement index was introduced that considers transverse steel and FRP properties

(mechanical and geometrical). The equation to determine maximum confined concretefstress (

) and its correspondingrain (e,.) are derived from regression analysis of test results conducted

by Legeron and Paultre (2003):

1:c‘c — T
E_1 2.41.)" (2-108)
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where f_, and ¢, are unonfined concrete strength and its corresponding strain, respectively.

The following equation can be derived from the force equilibrium of the half cross section:

. 2ef . : .
f|e=Fh He -, Drgf, Eq®

(2-109;

p

where f, is effective confinement pressuat concrete peak stress, amds thickness of the

uniform equivalent steel tube that replaces discrete steel ties, given as:
o= oAy (2-110)
2%s

where s is lateral reinforcement spacing, arig, is the total crossectional area of ties in-y

direction. D, is concrete core diameter, arig and e, are lateral pressure due to FRP and FRP
circumferential s&in at concrete peak stress, respectively=2t; E; / D is measure of the FRP
composite stiffness or FRP lateral modulus in whichand E, are thickness and elastic
modulus of FRP, respectiyeland D is diameter of the whole concrete sectian. is lateral
pressure due to transverse steel reinforcement, apdis effective sectional ratio of the

confining reinforcement,igen as:

ro( K

J

where E; is transverse steel modulus of elasticity. Paramketés defined as:

rey =—k‘;§“y (2-111;
f, is lateral steel stress at concrete peak stress, defined as:
8 foy k¢10
. | ' \
i =! o . 2-112;
" }Lﬁcoz 0.4%E, >10 (
i
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¢
k= c0 . (2'113:

Tangential (tensile) strain of composite Y and tangential strain of transverse steg)
can be assumed to be equal in elastic range, ag fand g,. Strain in transverse steel can be
expressed as a function of the concretng) secan

and the concreteds peakstesskE, )modul us el asticity

()

e;l =/ cﬁ? fIe (2-114:
where
E.. :a% az (2-115;
Substituting Eqg. 407 into Eq. 3113 yields:
' é ' '
3 N\L o 1- I
iﬁ‘:% 'Bs(le)lz EECC £ . - 07 (2-116)
& & g 7 Z+249) 8
¢ ¢ B

Legeron and Paul treo6s s-onfihed can@edef). 3s)equal wr0dld uded

and a =0.11. In another study, Xia and Wu (2003) proposed the following equatiom,fdor

FRP-confined concrete:

(2-117

cc

-o00: o

O

S
1
[N
(@)

[}

_,\Iii o
= o

In order to consider the effect of transverssekbn s, the following modified equation was

proposed:
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ney¢ g 40 feg g 05 (2-118
C fl + rsy Es g‘ =

wheren,i s concrete Pgykss Qmwhich isi0.433 fooconaretalconfined by

transverse skl only. Based on regression analysis of experimental data andLES: 3

e _ -
— = +h Ise
&

(2-119)

where# is given as
h=2983p 3.5¢ (2-120;
When considering force equilibrium at the half cross section, the equati@ffdotive
confinement indexI(,) is given as

Iyt En@ (2-121

° ch ch

where f, =E %, ¢,. When e, is equal to actual FRP rupture straia, (), the effective

confinement index is at its maximum level:

rofn E
|y = 2 S (2-122
fCO fCO

Integration of Egs.-318 and 3120 yields

0

é .

7 lg=—=— d, k

% el k- h e M

I '

| ccfd) + é/ sﬁ h \
=il ==° Y 16, k, fnd k (2-123]
e I e fco(kg' /) gmax 1

: lomax k1€ A

i

where &, and &, are defined as:
k=0 - & (2-124)

rsyEs I€+ Efl Ice Efl + Esl
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where E, = /e, is concrete secant modulus at peak stressmndEg, ¥ , is transverse steel
stiffness

Experimentald at a of vari ous studies showed t hat
proposed model (2003) laws ultimate concrete strengthf.() and strain &,) of concrete

confined with FRP or FRP and transverse steel to be predicted using the following expressions:

f_C:u:]_ a argf, EfI g_fzg
ch G ch cO - ch
(2-125
. f ~ O 0.45
eL.u:]..SG +1 sy hy fI euv %a
& o 8 ?
The first stage, or prpeak branch, of the stresst r ai n curve i s expre
(1971) proposed equation, with modification as follows:
f :L
¢ 1+be w2 2
(2-126

2 UéCC 1 EC ECU
a=ky b:%e_ EﬂECz Z T3 Tz
« % (nf () ()
where E,, is tangent elsticity modulus of concrete ang,, is slope of the curve after the peak,

given as:

E, =-u e (2-127)

2-4-1-5-(c) Lee et al. Model (2010)

In the study by Lee et al., an experimental work was conducted on 24 specimens under

compressiveload with various types of confinements. Based on experimental results,
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compressive response of the confined concrete column could not be obtained by adding the
confinement effect of FRP and transverse steel reinforcement due to differences in FRBland ste
behavior. Using the test data, a set of empirical equations to predict thesstgssesponse of

concrete column confined with FRP and transverse steel was proposed.

fe

£ Steel Yielding

cu /
f y

cSs

- Confined| Concrete

£l nconfined; Concrete

cOl--—,

i &
€co Ecs Ecu

Figure2-9 Monotonic stresstrain model proposed by Lee et al. for FRP steel spinalined
concrete

The proposed model considers the role of transverse reinforcement and the FRP jacket to
predict the stresstrain response dhe confined concrete column subjected to a compressive
load. In thisthreepart model(Figure 2-9) for concreteconfined byspiral and FRPthe first part
of the models a paraboti equation beginningith aslope equal to thenodulus of elasticity of
plain concreteThe first part is followedby a polynomial functiorafter a strain equal tothe
strain of unconfined concretg maximum compressive strengifhe confining effect of FRP
and spiral steel on the compressive striemgtconcrete is demonstrated by #ssond parof the

curve which ends at the yield point tife steel spiralThe effect ofthe steelspiral remains
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constant and the effect of FRP confinememicreasesto the ultimate strain of FRRpiral-

confined conmetein the remaining part of the curvehe formulae of this model are as follows:

2,

: a e
fczEc 3ec (+ch E_c 6:) aEe_C3 ( Oce ¢g
Qeco -
& q
fo=ty €fe fo) a8 5 €0t £¢. (2-128)
(;ecs_ 6 =+
& k]
fczfcs "(fcu fcg %‘u 0 €s¢ ety
Qecu' & =+
where
: af
e.= 5F0.85 +0.03 F- ?@nd f, &95f3 f, fg
f ¢fs 4
(2-129;
de, 0
6.=07%gand fy %, & § f, fg
Qecu -
Ultimate strength and strain are calculated using the following equations:
- T P A
f =1, AL
cu ?‘ fco
(2-130;
& af, +k, 3f, O&ey, O
6.,= g .75 5.25g" s e L
Ee ¢ fo ¢Co

wherek; =2 -f, /f¢ for f, <f, andk =1 for f, 2 f.. e, is the rupture strain of FRP.

2-4-1-5-(d) Hu et al. Model (2010)

In accordance with the concept of passive confinement, Hu et al. proposed a model for

concrete columns confined WitFRP and transverse steel. Axial stress and strain can be
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calculated from each actively confined strsBain curve by adopting the strestsain

relationship proposed by Popovics (1973):

i (/e g \
DAFEY R (43

Whereg:Ec/(EC -t/ 'gg). Ei s Youngo6s modulfyuandedre peak stressoncr e

and strain of the actively confined concrete, respectivélyand e, are stess and strain of the

passively confined concrete curve, respectively. Peak stress and strain are calculated as:
fcc = ch + fQFRP #CCQ%/

g (2-132)

where

Dicerre 8.5 ¥

8 : ¢ (2-133;
Df cerra :f5§.254/1 47.94]('.—3 2f£ 2:254
G c0 c0

In Eq. (3132), f, and f, are given as:

2Et; g
fir = q
e2k Ee A 2124
[ e g < & (2-134;
fIs:!| > dC
1 2kefsyASp ) e
tos®q

where k, is a confinemeneffectiveness coefficient proposed by Mander et al. (1988)s

diameter of the cross sectiody, is diameter of core concrete, aedis lateral strain that can be

calculated using the following equation:
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e % & e 0 4. e%s
£ =0.85¢ +0.7% - & exp &F- U (2-135
ecO (; ﬁ - g cOe U+
where
g 1+8 3f, /1, For FRP Confined Concrete
h=j e , _ . (2-136)
11+8 3f [f., Bps f3/fy For FRP Steel Confined Concr
b IS defined as:
235
brrs = \
Ksteel (2-137
k

FRP

where kg, = EAAy/pd and kege = E(t; s/p d.

2-4-2 Cyclic Material Models

Cyclic behavior of reinforcing steel and concrete, especially core concrete, significantly
affects RC member cyclic behavior modeling. The following section presents cyclic rules
proposed in the literature to simulate cyclic behavior of reinforcing steel, concrete confined by

conventional lateral steel, and FRP.

2-4-2-1 Steel

2-4-2-1-(a) Linear Hysteretic Model

A linear hysteretic model uses a linear function with slope equal to modulus elasticity of
steel i n order to model unl oading and reload
degradation is not considered in this model; therefore, calculatedsrasitig the linear

hysteretic model are not as accurate as results obtained using a more realistic hysteretic model.

65



The monotonic model used in conjunction with the linear model as the envelope of the hysteretic

model may or may not consider the straindeaing effect.

2-4-2-1-(b) RambergOsgood Model
The Rambergdsgood equation is given as

a
e- g -—-f—siﬂ +f—5 (2-138;
S & f J
S Q ch

where ¢, e, f,, E;, fy, ard rare steel strain, steel strain at zero stress at the beginning of

loading, steel stress, steel modulus of elasticity, stress dependent on yield strength and plastic

strain of steel from previous loading, and parameters depeaditige loading run number.

2-4-2-1-(c) Balan et al. Model
Balan et al. developed a macroscopic cyclic model. The backbone of this model is

expressed as

! é o 2.
1- r ) 1+r - a ‘ 0
fS:fy( S )gu( ) &~ ¢ %i ‘?Lg d (2-139
: 1-7) e \& ¢ "9
where
, f e.- ¢
f, :.F N &7 o (2-140)
TES ey € -0 € >
,é 0 &- & ¢ sht
r=1E, N (2-141
'I[E E- & 7 st
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?. 06 ?‘ 0 et sh

d :{éesh B (2-142)
T% -1 830’0 € € &
fc™y +

and

? & & o et sh

e=1 & f b (2-143)
16 teq = 0 s€- €3
1 c s -

=1 o, of E.
&, —mg su " y) (_ & 's&' s (2-144:

Differentiation of the envelope equation with respect to the strain leads to the tangent modulus

on the envelope curve in the engineering coordinate:

e N
é e - g ., 9
5 Qaer) 8 Sév 8
E=—(1 -r)é(l_ N E — (2-145
é e - g 1 Qﬂ,
é e 8
é (N g

Balanet al. considered three types of reversals:

1 Reversal from yield plateau

1 Reversal from strain hardening region

1 Reversal from reversal curves.
Complete and incomplete reversals follow the same rules. The only difference between these
three types of reversals amplitude parameter. When an unloading/reloading occurs,-stress
strain behavior of steel is simulated using a hyperbolic branch. Mathematical formulation of this

branch in the engineering coordinate is given as:
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e ° 2, [}
—k (1_ f)’ ¢(1+l) ?s_kp isekr O k y — \
e S SRR L (IS

where ke, r=g,/*E,, *E,, ‘f,, and “g, are reversal strain, instantaneous hardening,

unloading modulus, instantaneous yield stress, and strain, respecBueltscriptsk in this
formula indicate the unloading/reloading cycle number. All parameters with superscrgrts
updated after each unloading/reloading cycle. Instantaneous stress and strain atecdaigung

the following equations:

“f, ="E, **e,, (k &1:--,n) (2-147
where
P
“e, = @mk o€ (k 9,1 n) (2-148;
and
“f
‘e, =" e "—E; (k &L n) (2-149

In Egs. (3146) to (3148), “g,, ¢,, “f,, and *g are strain at the intersection of the

instantaneous unloading asymptote and strain axis afteveksal, initial yield strain in the
engineering coordinate, stress, and stress aftewdesal. In the unloading/reloading branch

equatia, ‘¢ is degradation parameter, defined as:

e sk, =@
a. = a'e 0<%
K — 0 k p - \
ad=—21¢€ +a%<— oY (k 61 n 2-150
e " u

wherekep is plastic strain amplitude ang is initial value ofd given as:
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€0.005 Ordinary Steel( Graded0 ands0 .
=i ; (2-151
i 0.01 High- Strength Steel
and*a is amplitude parameter, given as:
é k _ k1
%6 f, f f, 5
Ky 1 y \
A= ey (2152
I3 T <2
Il f

2-4-2-1-d)Es maei ly and Xiaob6s Model (2005)

Esmaeily and Xiaobdbs hysteretic model (200
reversal point, the uohding path is a linear function with a slope equal to modulus of elasticity
of steel material. The Bauschinger effect is taken into account in this model by changing the
slope of the first wunloading br anlrconderitormore a po
realistically simulate cyclic behavior of steel material, this ratio and the strain at which the slope
change occurs differ in the second (tensile strain and compressive stress) and fourth
(compressive strain and tensile stress) quartargpared to values in the first (tensile strain and
stress) and third (compressive strain and stress) quarters. Hysteretic behavior of steel material
can be changed using five ratias (B, B, R, andR,) in EsmaeilyXi ao6s mostran . Str

mathematical expressions of this model in one of the Point 1, 2, and 3, as shéiguré&®-10

are defined by considering the previous stress and strain gfaté, §.

At Point 1, no unloading/reloading dhgreviously occurred therefore, the envelope
curve (monotonic model) is followed. At Poir2, the reversal branches are defined

mathematically as
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a _ f +Pf
; fp + Es(es ) 6) ¢+L|ne(e) e % epE—ly
f=1 . . ) . ;f (2-153)
~ a 0] i
A A A
i s - s
where
f +Line(e) — é fU - B‘r fy g M (2-154)
QEE 2e, - 2
f - Line(e) :fgi‘fu - Rty 8 fu #Ty (2-155)

In Egs. (2153) to (2-1%5), f,, f,, andg, are ultimate strength, yield strengéimd rupture strain

of steel, respectively.

At Point3, the stresstrain reversal branch is similar to Point 2, with one exception:

. f, A f
6 T80 e, @b (2-156)
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Figure2-10 Es maei |l y and Xiaods cyclic mod
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2-4-2-2 Concrete

2-4-2-2-(a) Linear Model

Cyclic behavior of plain and confined concrete can be modeled using a linear model in
which unloading and reloading curves are simplified using a line with e stqual to the
modulus of elasticity of the plain concrete. The linear cyclic model is shovAgure 2-11.
Although the linear model was developed to simulate hysteretic behavior of plain and concrete
confined by lateral stegkinforcement, the linear model can also be used to model hysteric

behavior of concrete confined by FRP or lateral steel and FRP.

fe

Figure2-11 Linear cyclic model

2-4-2-2-(b) Park et al. Model (1972)

Kent and Parldeveloped a cyclic model to model cyclic behavior of plain concrete and
concrete confined by lateral steel. In this model, the unloading/reloading curve is approximated
by a bilinear function. Although the envelope curve (monotonic model) for compressive
behavior of concrete is represented by Kent
steel reinforcement, this model can be used in conjunction with any monotonic model as its

envelope curve. Park et al. model is showRigure2-12.
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Figure2-12 Park et almodel for hysteretic behavior of concrete

2-4-2-2-(c) Kuramoto and Kabeyasawa Model (1995)
Kuramoto and Kabeyasawa developed a linear model in which the slope of

unloadindreloading branch can be tuned as needed, as shdviguire2-13. In this figure,s is
compressive strength of cover concrete (or plain concrete)Kansl confinement coefficient
Initial stiffness of plain and confined concrete is considered to be equal to plain concrete
modulus of elasticity, and secondary stiffness of plain and confined concrete is defined as a

portion of initial stiffness.

fe
Confined Concrete
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Figure2-13 Kuramoto and Kabeyasawa model for hysteretic behavior of concrete
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2-4-2-2-(d) Mander et al. Model (1984)
Mander et al. modified the hysteretic model developed by Takiguchi et al. to be suitable

for plain and confined concrete. In the Mane@t al. model, shown fRigure2-14, the unloading

path follows a concavapward parabolic path with a zestope at the straiaxis. Tensile
strength of concrete can be taken into account considering a linear path with a slope of plain
concrete modulus of elasticity. With increaseiis, stress remains zero up to the last strain
corresponding to zero stress, after which point strain will grow in a linear reloading path with a

slope equal to plain concrete modulus of elasticity in the sadm

fe

&

Figure2-14 Mander et al(1984)model for hysteretic behavior of concrete

2-4-2-2-(e) EsmaeilyXiao Model (2005)
In EsmaeilyXi ao6s cycl i ¢ Figne#¥,|the urdohdingy path ifolows a

parabolic path that isoncaveupward with a slope ok, on the envelope curve (monotonic
curve). The monotonic model is followed for ascending and descending within the elastic range
of concrete. With decreased strain at the unloading path, stress ded@a®ro, after which

point if the tensile strength is ignored, stress remains zero; otherwise, the stress decreases to
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tensile strength using a linear function with a slopeeQf The mathematical expression of

unloading branchsigiven as:

o - 2.

g2 4 2\ feefy o foef o

f=—"5%.-p — 0 fg e pe"—r
4fcc$ ECZ 9 Ec2 \
¢ - (2-157;

2/t f,

f.=0 etp ———

Ec2

where f_, e, e,, f,, Ey, and 1, are stress, strain, strain and strasshe point from which

unloading begins, initial stiffness of reloading branch, and maximum compressive strength,

respectively.

f C’C

fo

Figure2-15 EsmaeilyXiao hysteretic model for concrete, descending branch

With increased strain, the stress remains zero until the latest strain corresponding to zero

stress; then stress increases following a condawsward jarabolic with a slope of_, at the

strainaxis, as shown ifrigure2-16. The following parabolic function is followed for ascension

from a point with strairng, and stress
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Figure2-16 EsmaeilyXiao hysteretic model for concrete, ascending branch

2-4-2-2-(f) Shao, Zhu, and Mirmiran Model (2006)

Shao et al. developed a model for predgtiehavior of FRRvrapped concrete cylinders
using experimental data. Experimental data was developed by testing 24 concrete cylinders with
dimensions of 152 mm by 305 mm tall. Cylinders were wrapped with carbon or glass FRP and
then loaded cyclically. Dumg cylinder testing, the discovery was made that using one layer of
FRP wrap was only beneficial in increasing cylinder ductility but failed to increase compressive
strength (Zhao et al. 2006). Researchers also discovered that thé&-BRssused the agder
to have increased ductility, but CarbBRP caused ultimate strengths to increase more than
GlassFRP (Zhao et al. 2006). The concluding observation from testing showed that a thick wrap
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would potentially cause the cylinder to fail during unloadiregaduse the FRP squeezes the
cylinder after loading.

After completing testing on 24 cylinders, a model was developed by Shao et al. to explain
observed cyclic behavior. The madel I's a bili

the first part of thestressstrain curve and the FRP jacket controls the latter part of the curve. The

stiffness of each part is a primary factor in
. O O - ,
Q O - _
o O - (2-159
P —a —

whereE; andE; are slopes of the response, given by:

0O ocwLi
| “ o6 (2-160
O CTHM® pa1 Vg

whereE; is the modulus of elasticity of FRRjs jacket thickness, arfl, is unconfined strength

of the concete. In additionnis 1.5 and, andf are given by:
QO ™XQ ™WXP g vy

o =
O

(2-161

where fis tensile strength of the wrap. Ultimate strength of f€Bffined concrete is given by:
M Q @8rQd (2-162
which can be used to find ultimate strain using

0 0
O

(2-163

The unloading branch of the response curve was found by developing a model for the secant

modulus, given by:

0 — (2-164
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wheref,, and({, are stress and strain at unloading, respectivelyfﬁiﬂjthe plastic strain, given
by:
0

S (2-165)

Shao et al. discovered a linear correlation between the secant modulus of unloading and E
Analyzing data, a trlinear model was adopted fBgec, given by:

124 hrt Q
1 P Q P
o O "0 9 |
o <] TZE p8 tp o) ¢d (2-166
11
1 & ﬁg ®
u Q

(2-167

2-4-2-2-(g) Lam and Teng Model (2009)

Lam and Teng used the monotonic model proposed for stheds behavior o€onfined
concrete with FRP under monotonic loading as an envelope curve for their cyclic model. Based
on experimental works, Lam and Teng concluded that the unloading path fecoRRfRed
concrete is highly nonlinear except in the initial loading stddey highlighted two primary

observations:

1 The degree of nonlinearity or curvature of the unloading path increases by increasing the

strain.

1 The slope of the unloading path at zero stress usually is nonzero; when the unloading

strain increases, this valeensequently increases.
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Based on Lam and Tengo0s odirairemodedis inadegeate S h ac
for predicting the unloading path because he considered only a small range of strain in his
studies. The following equation describes the unlgadipat h i n Lam and Teng?o:

s.=ag b _ee (2-168)

where

Sun~ Euno( @n - pé

R Y S

b:E.m,O 4 %Il( uf® 'pl)‘

(2-169;

c= ael bg.
In Egs. (3168), #is an exponent ang, is slope of thaunloading path at zero stress, defined

as

h=350g +3

0.5f,
eu

| ) (2-170)
Eun,O =min s "

€in - ﬁ

———) =) === (D:

Based on Lam and Tengbds observations fronm
function as a main part of the reloading path, which continues with a pamalwider to reach

the monotonic envelope curve. The defined linear portion of the reloading path is

Sc= % Ere( £ _re)e re eg @F (2'171:
where
S -
EGZM ere ¢§ ¢re16 (2'172:
et = £
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In Egs. (3170) and (3171), e, is reference strain depending o thumber of cycles. In order

to evaluate the degree of stress deterioration under repeated unloading/reloading cycles and

define the reloading path, the reference strain must be defined as follows:
E:'ef 1 = Lﬁenv and r§,1 = un%n\

e - ?eref n-1 @u n ¢ re€n—1
ref ,n q_m.n @] n> re?rql (2_173:

_ﬁsref,n-l gn,nq: r£ n-l
STy

ref.n sun.n @nn> I’g, Hl-
When the reference strain is defined,,, is calculated using linear portio@nce the linear
portion is calculated, the parabolic portion is defined. The following assumptions define the

second portion:

(a) Theparabola starts from the reference pdiat,, $..)-

(b) The initial slope of the parabola is equaleg.
(c) The slope of the parabola at the point which reaches the monotonic curve is equal to the
envelope curve definday the monotonic curve.
The parabola expression is as follows:
s;=Ag B e€ e ¢ af., (2-174;
where0, 6, andd are constants that must be determiied ando are calculated as follows:

B= Ere 2 Aeref
(2-175)

C:‘Snew -A éaf B r&f
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As mentioned, the first linear portion continues with the parabolic portion in order to
obtain the envelee curve. However, in the following cases the line portion continues to the

envelope curve:

Case (1) When €, ¢, ¢ 0.001, S0 €,, ony= & eny , fOr any valuen.
Case (2)- When %n,env>o'001p: for n:]" eret,env,l = ﬁlen\ |f sre,lz 085 3 ‘%n,env an

Eetenvn1 = GhenifbOth S ;2 0.8538, o and € ent = 6 en are satisfied.

For Cases (1) and (2), the following equation must be used to calculate the slope of the linear

portion:
s - 5
Ere = eun.env_ g ere ¢ ? ¢reﬁ- (2'176:
un.env

2-4-2-2-(h) Varma, Barros and Sena&ruz Model (2009)
Varma and Barros (2009) proposed a stetssn model to model CFR&bnfined, short,

circular concrete columns under cylic and monotonic loadihg.theoretical cyclic stresdrain

model proposed for cyclic loading is based on a tkgeetioned monotonic model. The three
zones (I, 1l, and 1) are defined by a linear section, a nonlinear transition section, and another
nonlinear transition section. Thieird section (Zone lll) is the onlyone significantly influenced

by FRP. These regions are illustratedrigure2-17. Zone | uses the following equations for the

region0¢ e, ¢ g:

fc = Eci 3ec
E =E (2-177,
ecp = b3 cO,QJPC
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where E; is initial modulus of elasticity for the concrete evaluated experimentally or by

applicable code equations antl=0.4.

strength of unconfined, plain concre&one Il uses the following equations for the region

€ouPc

is strain correspondingp axial compressive

eCP ¢ (,e ¢ cd:
C R
fC = fca %9(: _él)gECa A*I_ c€ c£6’
R
E =K +A( R ]:Hec @J
Ec,sec' Ecb |ecb _ é|
f,-f
Ec, — _¢cb ca
sec e.- &
fe
3
f ! (Ecu?u f;:un)
cu
fcfs Zone III \L a0l 7’(‘96?9; fcre)
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Figure2-17 Schematic of FR{eonfined envelope curve
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The transition zone b egfi)ams erfds abthe stathad Zorend o f

| | kb, ff). Ih Figure 2-17, thesepoints are labeled® and Q, respectivelyZone Il uses the

following equations for the regiore, ¢ £ ¢

fo=fourc *if

e a f C
e = él kK £ T¢
c é%',upcé 2% E (2179
fI_fﬂ +st_&
Ay
Equations for Zone 111 (confined concrete) ar

equations associated with Varma et al. (2009) model are described in Sedtibb-(a). The

cyclic model wasleveloped to predict four loading conditions:

! Complete unloading and complete reloadi®yfo B to C to D)

1 Partial unloading and complete reloading to B to C to D)

! Complete unloading and partial reloading o Bt o E6)

1 Random loading A to B'to E to F")
These four unloading aneloading caseare shownn Figure 2-18. Shifts in stress and strain
(denot ean disamminmonly observed in a confined concrete cyclic loading cycle
because of change in stiffness (moduli) in which the reloading branch always rejoins the loading

curve at a higher strain than the unloading strain.
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Figure2-18 Schematic of FRfeonfined concrete cyclic model

The unloading portion of the cyclic strestsain model uses the same equations as the
transition zone (Zone Il) equations. Points B, C, and D represent the three points of imi@rest

complete reloading cycle. This curve is represented by

forew= feun - fR FromBtoC
fcnew
Eqen=—"— FromBtoC
€in - I
(2-180;
foe =E; %€, FromCtoLC
€= &, + ReFromCto D
E..=E %, FromCtoLlC
where
f
ecpl = &n —
ECSQ(LI
(2-181,
0 0615
cun, g ot
Df, :0.14fcung 8
C cu =
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De. =0.19 3¢,

where ¢, is concrete plastic strairf, ., is new value of stress corresponding to the unloading

new

strain (e,,,), and f_, is stress on FRconfined concrete at unloading before load reversal.

Equations from Points C to D (denoted with su
and modulus of elasticity.

Partial unloading allows for complete or partial reloading. Both curvesles modified
intermediate ¢') and returning points ). Stresses and strains associated with partial
unloading are assumed to be between the envelope curve and the complete unloading curve.
Varma et al(2009) denotes these partial points with an asterisk. Partial unloading equations are

as follows:

*

szt - o FromB toC
Eun ~ %I

f

*

fonew fono FromB to C

€uwn- &o

*
Ecnew -

o (2-182!
Cro= En - Qé“”—g" FromC to D
€eun ~ @I

E..=E. %, FromC toD

¢ ¥4 FromC toD.

In addition, experirantal results revealed that an imaginary unloading stleéi:n) was valid to
connect the fAprevious envelrogpleo aichil roca dg tnrgaisn a af

2009) for future load responses of a partial unloaded curve

*

-
= & F g §ee e (2183

C cre I
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2-4-3 Plastic Hinge Models

Plastic hinge length of RC members is defined as the length over which a concrete
section experiences severe damage. Three physical zones in the plastic hinge of RC members
include longitudinal steel yiding, concrete crushing, and curvature concentration zone (Jiang et
al. (2014)). Extensive damage of the plastic hinge zone, typically occurring at sections with
bending moment larger than bending moment corresponding to section yielding, can be observed
in the following forms: comprehensive crushing of the concrete cover, concrete core damage,
inelastic buckling of longitudinal steel, and lateral steel yielding or FRP rufiioreand Pam
2003) For practical purposes, equivialeplastic hinge length) , is defined as the length over
which plastic deformation occurs with constant distribution of plastic curvature. This constant

curvature, known as maximum plastic curvatufg, is assumed to be edua the difference
between maximum curvaturie , and yield curvatures, :
o= h -y (2-184)
However, plastic rotation can be relatedtcand%. as follows:
9= gL E.7 Pale (2-185;
The assumption isnade that plastic rotationy, is concentrated at mideight of the
plastic hinge. Therefore, plastic displacement at the top of the cantilgzvesn be obtained by
the following expression:
Dp = er y D]p(dt 0.5 'I—P) 3(4; 56 LP' (L 05 L3P) (2-186,
where L is column lengthp, ., is maximum displacement at the top of the cantilever, Bt

yield displacement given by the following equation:
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2 \
D, ¥, E*/3 (2-187,
The presented procedure to determinewith respect top,, and D, has been implemented in

many researches to determine plastic hinge length from mesuerdture and lateral load
lateral displacement relationships.

RC member plastic hinge research can be categorized according to variables such as the
type of reinforcing material (FRP/steel), concrete strength, section geometry, and load pattern.
Work presented herein consisted tifdies categorized based on their consideration of the effect
of load patterns on plastic hinge determination:

1 No axial load
1. Monotonic lateral load/displacement
2. Cyclic lateral load/displacement
1 Constant axial load
1. Monotonic lateral load/displacement
2. Cyclic lateral load/displacement
Uniaxial
Biaxial
1 Variable axial load
1. Cyclic lateral load/displacement
Uniaxial
Biaxial

However, few researches have been applicable to RC members under variable axial load

(Blakeley et al. (1971), Hachem et al. (2003), Esmasdilyle (2005), Phan et al. (2007),

Mortezaei et al. (2012), and Mortezaei (2014)) or biaxial lateral load/displacement (Hachem et
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al. (2003), Esmaeily et al. (2005), Alemdar (2010), and Biskinis et al. (2010)). Among reviewed
papers in the current study.etlonly method applicable to all possible load patterns, including
constant and variable axial loading with monotonic and cyclic biaxial lateral load/displacement,
is presented in research reported by Esmaeily et al. (2005). Assuming that load pattern
considerably affects RC member behavior, additional experimental and analytical studies should
be undertaken to provide increased understanding of the behavior of the plastic hinge region of
RC columns subjected to various load patterns. For example, inviestighvvariable axial load

effects on the behavior of structural elements is essential because observations from previous
earthquakes have indicated that structures subjected tdfandtaground motions experience

more severe damage compared to structuneer farfault ground motionsFollowing, it is a

review of existing plastic hinge models.

2-4-3-1 No Axial Load-Monotonic Lateral Load/Displacement

Cohn et al. (1963) tested two series of five4span continues reinforced concrete beams
under monotonic concélated load. Steel ratios at critical sections differed in each beam
specimen. Calculated plastic hinge lengths from test data were within the rabgd db 0.9d
whereQis effective depth of the beam section.

Mattock (1965) tested 37 simpépan beams under concentrated load. Test variables
included concrete strength, beam depth, amount and yield point of reinforcement, and distance

from point of maximum moment to pui of zero moment. Based on test results for identical

degrees of reinforcement(q- q)/ g,) plastic hinge length increased with increased ratia

where q=r 3f /f. is tension reinforcement indexd =7 3f,/f. is compression
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reinforcement indexd, =7, 3f,/ f. is tension reinforcement for balanced ultimate strength

conditions, z is distance from section of maximum moment to adjacent section of zero tnomen

(in.), d is distance from extreme compressive fiber to centroid of tensile reinforcement (in.),

and 7 are tensile and compressive steel ratios, respectielys yield point stress of tension

reinforcement, and, is concrete cylinder strength. In addition, for the same rafid, plastic

hinge length decreased with increased degree of reinforcement. Byiagdkst data, Mattock

proposed the following equation to estimate plastic hinge length:
0a

gl — 9 (2-188)
+C .

Corley et al. (1966) presented test results of 40 sisyde beams under concentrated
load. These tests were an extension of testsumted by Mattock (1965). Test variables
included size of specimens, confinement of concrete in compression, moment gradient, tensile
reinforcement ratio, and size of loaded area. Based on test results of this study, the following
equation was proposed fplastic hinge length:

22 (2-189,

Ja

where z is the distance along the span from section of maximum moment to adjacent section of

Lp

N

zero moment (in.) andi is the distance from extreme compressiibber to centroid of tension
reinforcement (in.).

Riva et al. (1990) derived an expression to estimate plastic hinge length using a computer
lumpedplasticity program, STRURLC. A parametric study on 56 simply supported and 32
cantilevered reinforced dnprestressed concrete beams tested under monotonic distributed or

point loads was conducted. Variables of this study included section shape, mechanical
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percentage of tension steefj, mixed reinforcing steel,g, load distribution, structural

configuration, boundary conditions, and {steessing cable layout. Terntg and g are defined

as follows:
q:Ap3 fpu -bA‘s :fsl
b,®d *f
(2-190)
.S
Ap3 fpu +A% :fsl

where f, is ultimate prestressing steel stress,, is reinforcing steel stress at the limiting

strain, f, is concrete compressive strength,is effective depth ofhe sectionp, is web width

of the sectiond is the reinforcing steel area, anqg is the prestressing steel area.

Table2-1 Numerical constants of Eqs.-{89) to (3192) (Riva et al. (1990))

Beam Model A B C D E F G f(9)

eesssesg 058 30 35 30 50 65 05 (1o 0507}

039 70 65 50 54 00 075 @@ 0.7y )™

. b

ty v ¥ ¥ v *Z 025 70 80 60 28 00 08 1- 0.8@

Three plastic hinge length equations were deffifee three states of,/ £, wheref, is plastic

curvature andf ,, is yielding curvature. These three stages and corresponding plastic hinge

length equations are:

1. From cracking to yieldindimit state (f,/ {£,¢1.0). In this stage, plastic hinge length

increases from zero to its maximum value at yielding limit state.
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2. From yielding to reinforcement strainardening(1.0¢7,/ f, ¢ 7.0). In this stage

plastic hinge length drastically decreases.

o .9 -£09-08) , ., - p/1000¢
L, _a B oar, 6D ap 8 \
=P — ¥ f (2-192
z SEA 100C° q Oé%’; 8 QZEE 0 @)

3. Ultimate limit state €,/ £,>7.0). In this stage, plastic hinge length increases up to the

value corresponding to the ultimate limit state.
A F £, O

Lo _ + LI

z H00 1000 7, 8

where L, is plastic hinge lengthz is abscissa of the contraflexure point, andnd b’ are

5 (2-193

compression flange and tension flange width, respdgt A, B, C, D, E, F, G, andf(g)

approximated by regression analysis are based on bending moment distribution. These values
correspond to various loading and support conditions, as sholabia2-1.
Zhao et al. (2011) used FEM to study plastic hinge length involving three physical zones: rebar

yielding, concrete crushing, and curvature concentration. In their stydw, ., L., and L

b 1
were defined as maximum length of the rebar yielding zone, concrete crushing zone, curvature
increasing zone, and curvature localization zone, respectively. The curvature increasing zone is
the region in which increasemirvature and insignificant increase in other parts are observed.
The curvature localization zone is the region of curvature concentration during plastic rotation.
Zhao et al. believed that dominant deformation in plastic hinge is flexural, so members wit

small aspect ratio were not considered. A parametric study to evaluate the effect of yield strength
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of reinforcing steel €, ), strain hardening stiffness of steel &, ), compressive strength of

concrete( f,) shear span of beafrz), effective depth of bearfid ), tension and compression

reinforcement ratios £, and r, respectively), tensn rebar diametefd,), and aspect ratio

sc!?

z/honlL,, L

o Les» Lo, @and L. was conducted. Results of this study indidathatd has the
maximum value compared to lengths of other zones: Its value is less than two times the effective

depth. Empirical plastic hinge lengths reported in the literature were closg émd L, but
different from0 and much larger tham . Results of this study indicated a clear trend of

increasingL,. , L

s Ly Lpeo @and L with anincrease in beam aspect ratio, effective depth, and
strain hardening stiffness of steel bar for normal range of strain hardening stiffness. However,

L,,» L, did not show a clear trend of increasédunless the effect of strain hardening stiffness

sy !

of steel bar was considered. In this casg, L, increased with an increase i}, L, and L,

sy !
increased with an increase i before rebar yielding and concrete crushing point, after which
the opposite trend was observed. For smaller values,ahcrease ind, caused an increase in

L, . However, for bars with a very large diametey, L . increased iff; increased. For smaller

values of r_., no significant trend was observed, while for larger value$ of length of
yielding zone increased whet, increased. A comparison of numerical results of this study and

those of available empirical studies indicatedttplastic hinge length given by Paulay and
Priestley yielded the closest value to plastic hinge length obtained from this study. In addition,

proposed models by Corley, Mattock, and Sawyer overestimated plastic hinge lengthléss

than or equal to zero and underestimated plastic hinge length, f@reater than zero. Among
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the studied parameters,,, r.., E,, andd, had the most significant effect on plastic hinge

length.

Zhao et al. (2014) tested five groups of simply supported reinforced concrete beams with
rectangular cross sections under two symmetrical monotonic loads. Test results indicated that
equivalen plastic hinge length was approximately equal to beam deptlio¢ all specimens
tested in this study.

Gopinath et al. (2014) conducted a parametric study on 173 test data from the literature to
determine plastic hinge length simply supported beams under central point loading. Variable
parameters included strength of concrete, yield strength of steel reinforcement, geometrical
dimensions of beams, reinforcing ratio, support conditions, and load configuration. Based on
results @ this study,0 decreases with an increase in beam depth and reinforcement percentage
does not affect plastic hinge length. Among the studied variables, effective depth of the beam
had the largest correlation with plastic hinge length. The proposed equation itti plastic
hinge length is as follows:

22z M, M)
- M

u

Lo (2-194

Variable parameters are defined figure 2-19 M, and M, are yield moment and ultimate
moment, respectively, gan by the following equations:
M, =0.87 3f, A, (& 0.42 X}
(2-195
M, =0.87 3f, A, (¢ 0.42 X))

where f, and A, are yield strength and area of tension reinforcement, respectglgnd X,

are neutral axis depth at yield load and ultimate load, respectively
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Bending Moment Diagram

Figure2-19 Determination of plastic hinge length based on bending moment diagrams

(Gopinath et al. (2014))

2-4-3-2 No Axial Load-Cyclic Lateral Load/Displacement
Thompson et al. (1980) developed a computer program to investigatdfehe of

variables such as longitudinal prestressing and-pmestressed steel ratio and distribution,
transverse steel amount, and cover thickness on curvature ductility of prestressed and partially
prestressed rectangular concrete beams. In order tesasseuracy of the developed analytical
model, test results fromther studiesvere compared to results obtained from the analytical
model in this study. Tests were conducted on bealiimn assemblies, and earthquake loading
was simulated by reversing ttdirection of vertical loads at the beam ends. Assuming a
rectangular distribution of curvature along the plastic hinge length, the measured equivalent
plastic hinge lengths of beam specimens were approximatelgadhthe overall section depth (

hi2).
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2-4-3-3 Constant Axial Load-Monotonic Lateral Load/Displacement

Chan et al. (1955) conducted 23 tests on RC frame assemblies under monotonic constant
axial load on columns and monotonic bending moment. The influence of axial load level and
lateral binding ratio on plastic hinge length was studied. Because the axial load level was high in
all tests, primary failure was due to compression. Analysis of test data indicated that plastic
hinge length does not vary significantly when varying the stegb for fixedend beams.
Analysis also showed that plastic hinge length had an average valu¢s &, where S is the
distance between the point of maximum moment and the point of contrafléxwaedition b
the columnsplastic hinge length increasevith an increase in axial load levélowever for
normal rectangular frameworks, plastic hinge lengthndt exceed.73 S.

Baker et al. (1964) developed an equation to estimate plastie lkength based on test
results of 32 beams under monotonic bending moment with or without axial loading. Test
variables included grade of concrete and steel, steel ratio, single loads and double loads, axial
force, shear magnitude, transverse bindingl eompression steel ratio. The proposed plastic

hinge equation is as follows:

o

14
L=k %, R, ‘%\g 5 d (2-196!

where zis the distance of critical section to point of contraflexure dnsl effective depth of the

section.
K = €0.7 For Mild Steel
:'0.9 For Cold - Worked Ste¢
(2-197)
k= 0.5
¢ R



where P is applied axial force an®, is maximum compressive force which the member could
sustain without any bending moment.

_€0.6 When cube Strength6000 [

3 =] (2-198
{ 0.9 When cube Strength2000 ¢

For normal values ot/ d, the value opr lies within 0.23 d and 0.43 d.

Paulay and Priestley (1992) proposed an equation to predict plastic hinge Isergth a

function of column lengthl(), longitudinal steel reinforcement diametel ), and yield strength

of steel reinforcemergtf, ):
L,=0.08 +0.02#,f, WMPa. (2-199
The average value df , for typical columns and beams can be approximately taken as

0.5% h, whereh is the section depth. The theoretical value of plastic hinge length obtained from
integration of curvature dit r i buti on did not include Atensil
footing. Eq. 3198) <considers Atensile strain penetr at
inclined flexureshear cracking.

Mendis (2001) compared plastic hinge length measweeérenentally to those estimated
by nine existing expressions. Test results were adopted from experimental work Mendis (1986)
conducted on nine simply supported beams subjected to axial load, shear, and bending moment.
In this experimental work, the effeof compression and tension reinforcement ratio, transverse
steel spacing, shear span ratio, and axial load level on plastic hinge length was evaluated. Axial
load ranged from 175 to 50,100 KN, while balance axial load on the axialmoatent
interactioncurve for test specimens was approximately 100 KN. Test results showed that plastic
hinge length increases with increased shear span ratio, compression, and tension reinforcement

ratio and decreases with increased transverse steel ratio. Results also gtatvpastic hinge
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length is insensitive to axial load level. According to test data of this study, all beams subjected
to axial load had constant plastic hinge length and were approximately equalta , where
d is effective depth of the beam cross section. Compared to other plastic hinge length
expressions reviewed in this study, the predicted plastic hinge length using the expression
recommended by ACI Committee 428 in 1968 best matches experimentadiyvedbgplastic

hinge lengths for low axialjoaded columns and higgtrength concrete beams (up to 80 MPa).

2-4-3-4 Constant Axial Load-Cyclic Lateral Load/DisplacementUniaxial
Park et al. (1977) performed tests on 10 prestressed angresinessed reinforced

concrete beansolumns and beam assemblies with approximatelysiaé members subjected to
static cyclic loading. The frame was loaded as depicteBigare 2-20. Cyclic loading was

simulated by reversing direction of verticahbls on the beams.

Figure2-20 Frame loading

Based on test results, measured plastic hinge length was independent from prestressing

steel with an average value of half the overall section déptl}.
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Park et al. (1982) tested four square reinforced concrete columns under constant axial
load and reversal lateral displacement. Test variables included axial load levels varying between
0.2 and 0.6 and lateral steel reinforcement rdtest results indicated that measured equivalent
plastic hinge lengths have an average value.af2 h and are not influenced by the axial load
level in whichh is the overall section depth. Plastic hinge langtequal t00.4® h. Baker and
Amarakone (1965) and Corley and Gene (1966) proposed equations that predict larger values for
plastic hinge | engths compared to measured pl
providlesmoe accurate results at higher axi al | oad

The results of experimental work conducted atUméversity of Ganterbury (Gill et al.

1979, Potangaroa et #1979, Ghee et al(1981), Davey et al(19795, Munro et al.(1976) and

Heng et al. 1978) indicated that plastic hinge length does not depend on the axial loatthevel
avalue betweerD.35* H and 0.65® H , where( is the overall depth of the sections. Mander
(1983) performed furtr investigations on experimental results of the aforementioned tests and
suggested that plastic deformation is due to moment gradient and yield penetration of
longitudinal bars. Test results of four hollow RC columns subjected to constant axial load and
cyclic lateral displacement and previous studies led Mander to propose the following equation to

predict equivalent plastic hinge length:

(2-200

where L is column length andi, is the longitudinal bar diameter in mfhe first and second

terms ofEq. (3199) denote the contribution of yield penetration and spread of plasticity along

the member length due to the moment gradient, respectively.
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Zahn (1985) testetl4 columns with circular, hollow circular, and square sections under
constant axial compressive load) @nd reversible horizontal load. Axial load ratio differed for
each speci men. Pl astic hinge | ength wandcul at e
plastic hinge length observed from tests in the current study were compared. The comparison
indicated that Pr i es b |for ggbase cadumusanithi dagonabberglinge s t i n
and hollow circular columns. In addition, for axial loatliaos | ess t han 0. 3, P

gives larger values foi,, compared to experimental values. Because overestimating plastic

hinge length is not conservative, Zahn suggested that, for columns with low axial loads, a

reductionf act or should be applied to Priestleybs e
é a p 0 p
1(0.08 + @l,)2e0.5 +1.67— g~ O
T & f.A, Q f.A \
Ly =i ¢ (2-201
: 0.08 + @, P_ o
i feAy

wherel is column length andi, is the diameter of longitudinal reinforcing bars (mm). However,
for hollow circularcolumns with one ring of reinforcing bars and no confinement through the
tube walls, a reduction factor of 0.25 shoul d
L,=0.08 +4.5, (2-202

As noted in their study, additional experimental data isirequo validate equations proposed
for plastic hinge length, especially columns with, 16.

Priestley et al. (1987) derived an equation for plastic hinge length based on test results of
RC bridge columns under constant axial load amalastic cyclic lateral displacement. Test
variables included crossectional shape, column aspect ratio, axial load level, confining
reinforcement ratio, yield strength, and configuration. Axial load ratio for solid columns was

between 0.2 and 0.7 andtiween 0.1 and 0.3 for hollow columns. Curvature distribution was
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assumed to be constant along the plastic hinge length. Yield penetration and shear spread of
plasticity were also considered. Curvature distributions along column lengths for all columns
speetmens were measured, and the following relationship to estimate plastic hinge length was
proposed:

L, =0.08 -+, (2-203)
where L is the distance from point of contraflexure of the column to the section of maximum

moment, andd, is the bar diameter (mm). The calculated mean value of the plastic hinge for all

tests was approximatel9.5® h, where h is gross section depth in the direction of seismic
loading.
Tanaka et al. (1990) tested eight RC columns under constant axial and cyclic lateral

loading. Test variables included axial load level, shear-gpdepth ratio, lateral reinforcement

configuration, and anchorage details. Axial load levels varied fodin f, %A, to 0.3 f A,

where f; and A, are compressive strength and gross section area of the concrete dhseuh.

on observations from the aforementioned tests, the conclwsismade that plastic hinge length
increases when axial load level increases. Observed plastic hinge length was within the range
0.43 Hto 0.7% H , whereH is overall depth of the column semti

Sheikh et al. (1993) used test data of four fstfength and six normatrength concrete
column largescale specimens with prismatic and nonprismatic sections subjected to constant
large axial load level ranging from 0.47 to 0.77 and reversal ldta@l In this study, observed
plastic hinge lengths, including effects of yield penetration into the stub, were within the range of
0.8 h to 1.13 h, with an average value df.02 h. In addition,results indicated that plastic
hinge length is insensitive to axial load level, reinforcement steel configuration, concrete

strength, and confining steel ratio.
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Dodd et al. (2000) used a shake table to test 14 cantilever circular bridge concrete
coumnsmder simulated earthquake | oads. Test vV a
axial load ratio, base flexibility, base input motions, and the effect of initialdeel shaking on
column response to subsequent higkegel shakes. Axial load ratiosried from 0.05 to 0.45.
Equivalent plastic hinge length was assumed to be equal to the length over which curvature
distribution is constant. Experimental results indicated that plastic hinge length increases with

increased axial load level. Zahn et d1986) suggested that, for axlahd ratios less than 0.3, a

reduction factor of0.5+1.6 3P /fc'AJ should be applied to the plastic hinge length equation

proposed by Priestley et al. (1992). The conclusion was made that plastic hinge length values
calcul ated with Zahnés recommendation are con
obtained from tests of this study, especially
yields conservative values for tall and medium columns, butitestimates plastic hinge length

for short columns. The authors of this study suggested that no reduction factor should be used for

an axial load ratio of 0.4.

Panagiotakos et al. (2001) used test results of 875 RC members under uniaxial bending
moment wih or without axial load to investigate plastic hinge length of RC columns. Test
variables included test specimen geometry, reinforcement ratio and configuration, concrete
strength, steel type, and axial load level. The axial load ratio varied from 0 30 Af@r
analyzing data of the 875 tests, the following expressions were revised from Paulay and
Priestleybds (1992) equation to estimate pl ast

For cyclic loading

Lye =012, 40.014,d,f, MPa (2-204;

For monotonic loading
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I-pl,mon = 0'18-3 *0.02313{:] bf y Mpa (2'205:
where f, is yield strength of tension reinforcement (MPg)is shear span of the membe, is

the diameter of compression longitudinal reinforcemegtis O when no bar pullout is present

from the anchorage zone beyond the section of maximum mofYems; 1 when bar pullout is
present.

Ho et al. (2003) investigated the plastic response of-s$tigingth reinforced conceet
(HSRC) columns using test results of four column specimens subjected to low axial load level
and reverse cyclic displacement excursions. Based on experimental results of this study, plastic
hinge length of HSRC columns under low axial load does not exiteedepth of the column
cross section and is not affected by the lateral reinforcement ratio. Plastic hinge length, including
Astub effecto |l ength, was suggested taa) be equ

Binici et al. (2008) developed an analytical model to investigate ductility of plastic hinge
zones of RC columns after FRP retrofitting. Obtained results of the proposed model were
verified against results of numerical analysis and test results, and a parastedy was
conducted to derive an equation for plastic hinge length. Ca&Béhand GlasERP confined
RC columns subjected to constant axial load ratio between 0.1 and 0.4 with column aspect ratio (
L/R) of 10, longitudinal reinfaement ratio between 0.01 and 0.04, and cyclic lateral
displacement excursions were selected for the parametric study. The following equation was
proposed to calculate plastic hinge length:

L

= =0077 +s.1@dL_b (2-206
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where d, is the longitudinal bar diameter. Plastic hinge length calculated by E205Bwas
shown to correlate well with observed plastic hinge lengths of 59 column specimens under
constant axial load and cyclic lateral displacement.

Berry et al. (2008) proposed amguation to estimate plastic hinge length using
experimental data of 37 largeale circular columns. All test columns were confined by spiral

reinforcement and subjected to cyclic lateral loading and constant axial load less than

0.3 f, 3A,, where f_ is concrete compressive strength aldis the gross section area of the

column. Shear deformation was disregarded due to the typical aspect ratio of bridge columns of
this study. After conducting parametric study, the following equation was proposed to calculate

plastic hinge length:
125,
L,=0.0378% +——— (MPa) (2-207
.

where L is the distance between the point of maximum moment at the column base to the point

of zero moment ahe column top, and, and d, are yield strength and diameter of longitudinal
reinforcing steel, respectively. The second term of ERO@ reflects the strain penetration

effect, normalized with respect td? in order to consider the effect of concrete strength on

bond strength.

Bae et al. (2008) conducted four tests on-$akile concrete columns subjected to reverse
cyclic displacement excursions and axial load levels from moderdigh in order to study the
effect of axial load and shear spa@pth ratio (/h) on plastic hinge length. Using a concrete
compression strain method amdnsidering bar slip, sheaand flexural displacement, an
expression to eshate plastic hinge length was proposed. In order to reflect the stub confinement

effect, i@ v @as subtracted from the length corresponding to strains greater than compressive
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reinforcing bar strains. As a result, plastic hinge length increased with increaador high

levels of axial loads (axial load ratio>0.2). Howee, for low levels of axial loads (

axial load ratio? 0.2), the effect ofL/h on plastic hinge length was not significant and plastic
hinge length was approximately equal to the constant valwe26f h. For high values of axial

load, plastic hinge length increased with an increase in axial load level. For all axial load levels,

plastic hinge length increased when longitudinal reinforcement raioA;) increased. The

following equation vas proposed to estimate plastic hinge length:

L, ¢ ap 6. 8A 0 8L 5
P - o> 01k § 025 02 (2-208)
h g ch - Ch 0 gh =
where
R =0.85f (A, -A) fA (2-209)

where P is the applied axial loada is area of tension reinforcemend, is gross area of

concrete sectionL is the distance from critical section to point of contraflexufg, is

compressive strength of concrete, an overall depth of the column.a@ et al. suggested that
the specified plastic hinge length in ACI 3@B is not conservative for columns subjected to
high axial loads. They recommended an increase in column lengthhfrton1.5® h in order to
require the use of closegpaced ties.

Qinghua et al. (2008) implemented five plastic hinge models to develop a computer
program that investigates the accuracy of calculated damage indices, such as ultimate curvature
of critical section. Twelve quasisi@atests on bridge pier specimens, simulated by the computer
program, were subjected to monotonic or cyclic lateral loading and a constant axial load. Axial
load ratio varied between 0.7 and 0.19 in these tests. The implemented plastic hinge models

included Priestley and Park, ChaMpander, Japanese code, and Esmakilyaods f i r st
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second models. Details of these models are presented in the study by Qinghua et al. (2008).
Results of this study showed that although calculated residual displacemenbtidepend on

the implemented plastic hinge model, the ultimate curvature value is highly dependent on it. A
comparison between calculated values of ultimate curvature with various plastic hinge models
showed that Esmaeii ao6s second msedoed modehptdovide mmimumaapda n e
maximum values, respectively. All calculated ultimate curvatures were less than experimental
ultimate curvatures except when Japanese code was implemented. Based on resulis, Chang
Mander 0s mo d eiXi aods d&l&l igave imbsyraccurate values for ultimate
curvature, and Charlglander 6 s a-AKda&&snasetgygnd model mor e
maximum tensile strength of outmost longitudinal steel compared to the other three models.
Among the five studied models, pmese code and the Prieddgrk model provided most
accurate results compared to experimental data. All five plastic hinge models underestimated
maximum compression strain of the core concrete and overestimated maximum tensile strain of
longitudinal stek resulting in great statistic discreteness in calculated cycle fatigue indices by
the program. Qinghua et al. (2008) concluded that the Japanese code model is the most
conservative among the five models. Qinghua et al. concluded that the Frastiynalel is

easy to use, appropriate for high bridge piers, and sufficiently reliable. They suggested the
ChangMander model as a second recommendation.

Gu et al. (2011) suggested an equation for plastic hinge length estimation based on test
results from 29 FRonfined circular concrete columns subjected to simulated seismic load with
axial load ratio between 0.05 and 0.65. Due to a small |agtFal ratio, confinement provided
by lateral reinforcement could be neglected in these tests. No lap splice wasedhaethe

plastic hinge region. Results of this study indicated that plastic hinge length increases with
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increased FRP confinement at low confinement ratio and decreases at high confinement ratio.
However, the type of confining FRP does not significamfiect plastic hinge length. The
proposed equation to calculate plastic hinge length is as follows:

L,=(059 -23, 228f)L @.028d, where / O (2-210)
where /, is the confinement ratioLis column height,d,is the diameter of longitudinal
reinforcement (mm), and, is yield strength of longitudinal reinforcement (MPa). Due to lack
of test data for confinement ratios less than 0.1, EQO@ is applicable only when, >0.1.

The general form of this equation, adopted from Paulay and Priestley (1992), was modified to

consider the effect of FRP confinement. For=0, the original form of the Paulagnd Priestley

(1992) equation for plastic hindength should be used as follows:
L, =0.08 +0.022,d, where/ <. (2-211
Jiang et al. (2014) used analytical and experimental studies to evaluate the confining
effect of FRP on plastic hinge length. Tests were conducted on seven RC square columns under
constant adl load and monotonic lateral displacement with axial load ratio of 0.35. These
columns were confined with FRP with various confining ratios. The proposed equation for
plastic hinge length is a modified version of tGe et al. (2011) equation in order be

applicable to circular and rectangular columns. This expression consists of two ltgywisich

represents the normal plastic hinge adopted from the Paulay and Priestley (1992) moidgl, and

which represets the FRP confining effect. Because the proposed equation by Gu et al. (2011) is
072

applicable to circular columns, the reduction fadkgtge%r 8 , in which band r are column
C -

width and corneradius, respectively, is multiplied by the second term. This reduction factor is
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applied because the FRP confinement effect on plastic hinge in circular columns is more

comparable to rectangular or square columns (Wu and Wang, 2009; Wu and Wei, 2018 Wei a

Wu, 2012).
a2r G2
L, =Ly -%eg 0 E e (2-212)
where
Lo =0.08L +0.028,f, (2-213)

in which 0 is column height and2 and"Q are diameter and yield strength of longitudinal
reinforcement, respectively.
g 3.029 , ¢ [ <1

L= 2-214)
71051 23, +2.28F 0.1¢/ 8. (2-214,

where /, is the confinement ratio defined as, =f, /f,, in which f, is cylindrical

compressive strength of unconfined concrete.
¢ = 2E; gt

2-215
| b ( J

whereg,, ¢,, andt are elastic modulus, ultimate tensile strain, and thickness of FRP jacket,

respectively. Based on findings of Jiang et al. (2014) studies, the effect of FRP jacketing on
plastic hinge length depends on the levetafifinement. Plastic hinge length increases for low

level of confinement and decreases for high level of confinement, confirming findings of the
study by Gu et al. (2011). Because tests were conducted under larger axial load compared to
other studies, Jignet al. concluded that, at zeronfinement, test results match better with
results predicted by Hob6és (2003) plastic hing

Priestlyds (1992) equation.

2-4-3-5 Constant Axial Load-Cyclic Lateral Load/DisplacementBiaxial
Biskinis et al. (2010) developed an expression for plastic hinge length based on

experimental data from 1540 cyclic or monotonic uniaxial tests. The proposed equation is
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applicable to RC beams, rectangular columns, members witH-TU-, or hollov rectangular
sections and rectangular walls. Biskinis et(a010) acknowledgethatthe proposed model is
alsoon the safe side for biaxial loadingexural failurewas he dominant failure mode in all
tests. The proposed equation for plastic hinggtlen

For cycling loading with earthquake resistance detailing

I D \
Loiey =0.2hgl + mlnggﬁ ¢ (2-216,

For monotonic loading with or without earthquake resistance detailing
Lot mon = hel 1 +0. 04m”?ae9— g (2-217

whereh is cross sectiodepthand L, is shear span.

Alemdar (2010) used results of 72 dynamic and static tests of modern bridge columns to
propose two equations to estimate plastic hinge length. In this study, two methods were used to
determine plastic hinge length. Onetimod used maximum drift capacity and the other method
utilized curvature distribution along the column length. All tests had axial load ratio of less than
or equal to 0.3Multivariable regression analysis of test dats used to propoghke following
equations for plastic hinge length:

Based on maximum drift capacity:

Ly

d

b

q/" 1ooo (psiand ir) (2-218)

1
5

Based on curvature distribution:

f.d, o
- qﬁ ;5— (psiand in . (2-219

Lp

d

3 0%
0
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2-4-3-6 Variable Axial Load-Cyclic Lateral Load/DisplacementUniaxial

Blakeley (1971) performed four tsson fullscale precast, pigtressed concrete beam
column assemblies subjected to static cyclic lateral and variable axial loading. Plastic hinge
location and confining steel ratio were the test variables. Observed equivalent plastic hinge
length in colimns and beams tested in this study were approximated asatira the overall
depth of the memberh( 2).

Phan et al. (2007) tested three -@hied scale bridge columns on a shake table. Two of
the three columns were tested undearfault ground motions and the other column was tested
under farfault ground motions. Axial load ratio was 8% for all specimens, and the two columns
tested under nedault ground motions were reinforced with various amounts of longitudinal and
lateral $ e e | reinforcements. Paul ay and Priestl eyc
length. This equation was found to be conservative for all specimens. Plastic hinge lengths
measured from the specimends pl aealculated usings pl ac ¢
Paul ay and Priestl eyds e gfaulh and farfault gréund motiomss s u b |
had identical plastic hinge length.

Mortezaei et al. (2012) performed a numerical study, including nonlinear analysis of
1350 FRPconfined RC clumns, to investigate plastic hinge region length for +ie@ait and far
fault earthquakes. Variables in this study included axial load levekdagth ratio, longitudinal
reinforcement ratio, and earthquake characteristic. Based on conclusions frastudlyisfor

axial load ratio less than 0.2P( R, ¢ 0.2), plastic hinge length remains almost constant, or

0.65 h for far-fault andm@® v f@ nearfault earthquakes. For higher values of axial load, plastic
hinge lengthncreases with increased axial load level. Although the effect of heggih ratio
on plastic hinge length at low levels of axial ldal/ B, ¢ 0.2) was not significant, plastic hinge

length increases with increased heidhpth ratio at lgher axial load levels. Columns with high
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longitudinal reinforcement ratio developed longer plastic hinge length. Results of this study
showed that columns subjected to-fault earthquakes have longer plastic hinge length
compared to columns subjectedrearfault earthquakes. FRP jacketing also increases plastic
hinge length.

Recommended equations to approximate plastic hinge length are as follows:

L, € 3 0 0 5
R i &%ﬁi 8‘0.1§ﬂ 2 065 0265 For far fault earthquaks
h - o h -

g ¢ +¢ L

(2-220]

L, € ap 6.3A 0 &H 5
—L£=€0. 538 = §0.1 § 0t55 0255 For near  fault earthquak
h g ¢h 9+ e 8 %é_h 2 !

where P is applied axialload, r,is nominal axial load capacityh is overall depth of the
column, A is the area of tension reinforcemeny, is the gross area of concrete sectiom &h

is the distance between the critical section and contraflexure point. Proposed plastic hinge length
equations in this study were adopted from Bae
consider shear deformation, def@tion caused by bar slip, and flexural deformation.

Mortezaei (2014) analytically investigated plastic hinge length of RC columns under
nearfault ground motions by simulating 936 RC columns under variable axial loading and cyclic
lateral loading/displaceent using a finite element program. Variable parameters included axial
load ratio, heightlepth ratio, and strength of concrete. Analytically obtained results were
verified against experimental results from literature. Results indicated that at lovofevedl

loads (less than 0.2),, is almost constant and equal @b . At higher axial load ratiosl,.,

increases with increased axial load levels. In addition, the observation washaaale increase

in heightdepth ratio did not cause significant increase_jnfor axial load ratios less than or

equal to 0.2 increased as heightepth ratio increased at higher axial load levels. RGnwos
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under neafault axial loading also exhibited longer plastic hinge length compared to columns
subjected to fafault ground motions. The following equation for plastic hinge length was

proposed based on obtained numerical results:

L e ip gH %
TP 20851 4045 Gl 3 R ForP B O
h é (; 0 _'gh -
(2-221,
L
-2 =055 ForP /P, ¢0.2
h

whereQis overall column depth) is applied axial load) is nominal axial load capacity, af@d
is the distance from critical section to point of contraflexure. Coeffic@rdepends on concrete
strength,Q, as follows:

0.65 When { = 32.5MPa
0.85 When { =32.5MPa (2-222)
0.85- 0.01f, -12.5)When 12.8MPa <f 82.3VP:

A
I
——) == ]:

2-4-3-1 Variable Axial Load-Cyclic Lateral Load/DisplacementBiaxial

Hachem et al. (2003) tested four circular reinforced concrete bridge columns under

bidirectional earthquake loading subjected to fiealt and far-fault ground motions. The
average axial load level was approximatbQSfc'Ag, where f; and A, are compressive strength

and gross section area of the concrete coJumspectivelyObsened plastic hinge length after
testing wasapproximately 0.79D, in which D is the column section diametev.alues of
observed plastic hinge lengths were close to vapredictedby the Priestley et al. (1992)
equation

Esmaeily et al. (2005) developed a computer program to investigate the effect of axial

load level and its pattern on lateral behavior of bridge piers. Based on Esmaeily et al. findings,
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the level of axial load and its pattern significantly affeikimn behavior. Methods developed

by Esmaeily et al. are applicable to biaxial monotonic and cyclic lateral loading and
displacement cases with variable or constant axial loading. Curvature distribution was assumed
to be linear between the first yieldipb(concrete or longitudinal bar) and the critical section in

the first method.L,, defined as the length over which transition occurs, is the distance between

the first yield point and the critical section. In this methdis given by:

M
L, =1 My) (2-223

u

where | is total length, M, is the yield moment for the existing axial load, ang is the

moment at the critical section.
For the second athod, curvature distribution along the column at various hinge regions

is shown inFigure2-21.

|

\ [ End of elastic region ‘;

.

— I+ -

[

Figure2-21 Assumption of curvature distribution along column height

In Figure2-21,
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e D for length to depthr ati@¢ 12.5 .
Iy =1 _ (2-224,
{0.08 forlengthto depthr atio> 12.£
whereOi s t he col umndés sdanalysien depth in directior
l,» =0.15fd,, (2-225)

in which f, is maximum tensile stress of the section at the colfouting interface andi, is

the longitudinal bar diameter. The value Qf (plastic length) is constant, but, (stress

penetration length) changes at each step of analysis due to variatign ®he valuel,
(transition length) is not constant and variethaslength of the elastic part changes with changes
in loading and displacement.

Plastic hinge lengths recommended by codes include:
I. ACI-ASCE committee 428 on limit design (1968):
jReE%ei—' +0.03zR,

R.d

p

(2-226;

——

where

M

-M
- m e
R M,-M

u e

€uw - &e ( i ’

R.

4M

z=——n
N, +JwM, R

d is the distance from extreme compression fiber to centroid of section reinforcesyegist,
elastic component of maximum compressive strain in concrete at ultiesasd&émrg moment and

axial load, e, is basic maximum compressive strain in concrete to which a value in the range

cu0

0.003 to 0.004 is assigneds is maximum moment in a length of membex, is ultimate
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resisting moment concurrent with ultimate resisting axial logg, is elastielimit resisting
moment, v, is shear adjacent to a concentrated load or reaction at a section of maximum
moment, and is the uniformly distributed load at a section of maximum momentvHnd a
concentrated load (or reaction) at this section act in opposite direatisréshould be used.

The following are AASHTO guide ggifications for Load and Resistance Factor Design
(LRFD) of seismic bridge design (2007):
For columns framing into a footing, an integral bent cap, oversized shaft, or cased shaft:

L,=0.08 +0.15,d, 03,4, (2-228)

For noncasted prismatic pile shafts:
L,=0.08H D’ (2-229
For horizontally isolated flared columns:

L, =Gy 0.3f,d, (2-230;
where Lis the length of column from point of maximum moment to point of moment eontra
flexure (in.), f .is expectd yield strength of longitudinal column reinforcing steel bars (kij),
is nominal diameter of longitudinal column reinforcing steel bars (in.js diameter of circular

shafts or crossectional dimensiomidirection under consideration for oblong shafts (iH.),is
the length of pile shaft/column from point of maximum moment to point of contraflexure above

ground (in.), ands, is the gap between the isolaféate and soffit of the bent cap (in.).

The institute research committee on ultimate load design of concrete structures (1962)

proposes
d (2-231

where
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_e0.7 for mild steel
:'0.9 for cold - worked stee

k

k,=1 0. (2-232

where Pis the ultimate axial load for the member (allowing for the bending moment when

present),p, is the ultimate capacity of the member for axial load when no bending moment acts,

zis the distance of critical section to point of contraflexure, and effective depth of the

section.
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Chapter 3 - Analytical Models and Algorithm

3-1 Introduction

Performance ofreinforced concretesections with arbitrary crossectioral shaps has
been studied by many a number of researchers (Yen 1991, Yau 1993, Rodriguez and Aristizabal
Ochao 1999, Fafitis 2000, Sfakianakis 2002, Bonet et al. 2004, Sousa and Muniz 2007,
Charalampakis 2008, Rosati et al. 2008, Papanikolau 2012) in an atiemdpvelop new
methods and algorithms and small computer applications to calculate axial -fognding
moment interaction surface of a sectidhonotonic loadingvas employed in these studigés
construct the failure surface of a sectibowever, when exged to a dynamic excitation such as
wind, tornado, or earthquake, columeen besubjected to combined ngmroportionalbilateral
and axial directionsvhich is more pronounced in earthquake excitations, specifically in near
fault regions with high verticabhnd horizontal groundccelerationslarge velocity pulses,
directional effects, repetitive pulse effects, and aftershocks.

Estimation of available force and displacement capacity, energy dissipation, and inflicted
damage on a structural element or ocenice of a certain limit state with reasonable accuracy
requires a realistic prediction of structure performance. Accuracy of analytical predictions
depends on the employed analytical methods and implemented material models, constitutive
laws hysteresis rabk, and distribution of curvature along the member. Detailed finite element
analysis using available commercial software such as ABAQUS or open source software such as
OpenSees has a steep learning curve and is not the first choice for a design engimprefand

less sophisticated approaches.

115



Most small computer applications are limited to section analysis under a constant axial
load, monotonic and very few cyclic, unilateral displacement or force. In order to fulfill the need
for a simple, yet accuratenalytical tool for performance assessment of reinforced concrete
columns, a computer program was developed that uses relatively simple analytical methods and
material models to accurately predict the performance of reinforced concrete structures under
various loading conditions, including cyclic lateral displacement under apraportionally
variable axial load (Esmaeily and Xiao 2005, Esmaeily and Peterman 2007). However, it was
limited to circular, rectangular, and hollow circular/rectangular sectsnts uniaxial lateral
curvature odisplacement

The computer program described in this study is the next generation of the aforesaid
program with additional functionality and options. Triangulation of the section allows
opportunity for crossectional geomtry. Biaxial lateral curvature/displacement/force combined
with any sequence of axial load provides opportunity to analyze the performance of a reinforced
concrete column under any load and displacement path. Use of unconventional reinforcement,
such as RP, in lateral as well as longitudinal direction is another feature of this application.

Accuracy of various material models, hysteresis rules, and other assumfurons
behaviorsimulaton of a reinforced concrete member tested under a certain loadiegnpean
be examined bthe developed computer program

Performance of the developed computer applicatras assessed through various types
of analysis for RC members compared to respected experimental data, including moment
curvature analysis of a hollosquare cross section, fordeflection analysis of an oval section

under axial force and uniaxial lateral displacement and a square section under axial force and
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biaxial lateral displacements, and axial fotmending moment interaction surface for a squa

section.
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Figure3-1 Main window of the developed windelased computer application

3-1 Applied Analytical Method and Assumptions

The primary goal of this study was to develop a 4isendly, simple, and accurate
computer program capable afhalyzing the performance of RC columns with any cross section,
reinforced by conventional or unconventional reinforcement in lateral and/or longitudinal
directions under any load/displacement pattern. The main window of this computer application is
shownin Figure3-1. The load/displacement pattern can be a combination of independent biaxial

curvature or moment with any axial load pattern in a moroentature analysis, or independent

117



biaxial lateral displacement or force under an independently variable axiaBehdvior of an
arbitraryshaped section under various loading scenarios was modeled using the BEwurdeulli
assumption in which plane sections remain plane after deformation. The arbitagey section
may consist of various materials and reinforcetsiesind the section may have any hole/opening.
Constitutive material in the arbitraghape section may have any monotonic and cyclic behavior.

Analysiswasbased a fiber modeling of the sectiogffectively used by otherdrakash
et al. 1993, Mazzoni «l. 2006).When a fiber model is used to analyze a beam or column, the
cross section of the membemdivided into smaller elementé/hen these elements are viewed in
relation to the |l ength of the breathenas h&Fi bbherp e
Mo d e | The giréss and strain on each of th&saller elements is analyzahen the stress
and strain on each element is known, the axial load and moment effectst @hethant are
easily found After all of these smaller elements are anatijzhe axial loads and moments from
each element are added together to determine the forcée @moss section as a wholghe
accuracy of the analysis depends upon the sieadf small elemenfs the cross section of the
member is divided into morements, the safler these elements beconti®e more accurate the
analysis.

Fiber modeling is a pe of finite element analysigziber modeling has two general
assumptions which separatefrom finite element analysislhe first assumption is that as the
beam or column member bends, the cross section of the member always remains plane to the
longitudinal axis of the member.

The second assumption is that the deformation of each fiber is linear aaodtbenof

the cross sectiomhese two assumptioase general and covére majority of fiber modeldt is
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possible, however, to implement a fiber analysis which does not foli@mvoo both of these
assumptions.

Analysis addressed by the developed computer application includes (i) construction of
codebased 3D axial forcdwending moment interaction surface for RC columns with
conventional lateral steel reinforcement using American Concrete Institute-ldtekss(ACI
31811), (ii) construction of axial forebending moment interaction surface using materi
models for meshed RC columns laterally reinforced by steel, FRP, or steel and FRP assuming a
constant strain at the extreme compressive fiber, (iii) construction of real axiabrdang
moment failure surface considering material models for meskedoRimns laterally reinforced
by steel, FRP, or steel and FRP with or without considering the axial force loading pattern, (iv)
codebased biaxial momesdurvature analysis for RC columns with conventional lateral steel
reinforcement considering ACI steellock, (v) biaxial momenturvatureanalysis considering
the meshed sectipmcludinguse of proper material models with any pattern of curvature in the
two lateral directions and any variation of axial loadd (vi) biaxial forcedeflection analysis
using proper material models armdplastic hinge method, with displacement patterns in two

lateral directionsnd arbitrary axial load pattern.

3-2 Cross Section

As mentioned earlier, Bber-based method was employed to analyze RC sections in the
developed omputer application. In the triangular mesh algorithm used in the computer
application, various components of a col umno.
region is divided into a number of fibers and each fiber, depending on the materiatatnohl

of the region, follows a particular cyclic rule and a monotonic material model as the envelope
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curve of the cyclic model. Longitudinal bars are considered separately in the model with distinct
monotonic and cyclic rules and load history. Trianguheshing caused the cross section of a
beamcolumn to have an arbitrary shape with or without holes/opening. The composite section
can be reinforced longitudinally by steel/FRP bars and laterally by conventional steel (tie/spiral),
FRP warps, or lateral el and FRP warps. The effect of lateral reinforcement was indirectly
taken into account in modeling because uniaxial seam behavior of the region enclosed by
lateral reinforcement is affected by lateral reinforcement. FRP warps can have stiffarsd

and lateral directions, depending on the orientation of FRP fibers. The effect of FRP warps with
fibers only in hoop directionrwas modeled indirectly through the strestgsain relationship of
concrete regions. The fiber arrangement of a compesitgon is shown ifrigure 3-2, which
includesfour regions (i) steel or FRP bargji) section core region, {)i region between FRP
warps and lateral steel reinforcementt ¢over concrete for conventionally reinforced sedjon

and (v) FRP wraps region.

Figure3-2 Composite section

Distribution of longitudinal reinforcement can be evenly distributed or costume
distribution. Lateral reinforcement can be provided by cotigeal lateral reinforcement

(tie/spiral), FRP warps, or FRP warps and steel lateral reinforcement. However, the FRP wrap

120



may have stiffness in only the hoop direction, thereby providing confinement for the concrete
section or the hoop and longitudinatetitions. In the latest case, FRP stiffness contributes to the

axial and flexural capacity of the RC section.

3-3 Material Properties

Mechanical properties of materials, including concrete, steel in longitudinal and lateral
directions, FRP wraps, and FRP ldadinal bars, are prosted in the computer application
Concrete strength, as measured in the lab or desired for analysis, must be provided. For steel
material, yield strength and modulus of elasticity are provided as basic mechanical properties,
assumingsymmetric behavior for steel in tension and compression. Because behavior of FRP
wraps in tension and compressive directions may not be similar in general, tensile and

compressive strength and modulus of elasticity of FRP wraps must be individuallyegrovid

3-4 Material Models

3-4-1 Monotonic Material Models

A number of widelyused existing material models were implemented in the computer
application in order to model uniaxial monotonic behavior of fibers with various materials. For
plainfunconfined concrete, thidander et al. model (Mander et al. 1988) for low to medium
strength <concrete and Cus s on -steemgth coRaetel were e 6 s
implemented into the program. For concrete confined by steel lateral reinforcement, the Mender
eta. model1 988) for | ow to medium strength concret
for high-strength concrete were chosen because of their accuracy in predicting the behavior of
circular and rectangular concrete columns with various longitudinal and lateral s

configurations.
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The Mander et al. model (1988) was developed analytically for circular or rectangular
cross sections under monotonic, cyclic static or dynamic loading. The RC section may have any
general confinement type provided by either spiraticoular hoops, or rectangular hoops with
or without supplementary cro$e. In this model, the effect of any confinement type was taken
into account by defining an effective lateral confining pressure that depends on lateral and
longitudinal reinforcemen configuration. To predict strain corresponding to first fracture,
Mander et al. used an energy balance approach by equating strain energy stored in the concrete
caused by confinement to strain energy capacity of the lateral reinforcement (Mander et al.
1988). The stresstrain relationship of the Mander et al. model is based on an equation proposed
by Popovics (1973). Many researchers have used Mander et al. model to simulate model
monotonic behavior of concrete confined by conventional reinforcemenauBecproposed
stressstrain models for normatrength concrete may overestimate the strength and fracture
strain of highstrength concrete, Cusson and Paultre (1995) proposed their model to predict
monotonic behavior of hightrength concrete confined Isjeel ties, using experimental results
of 50 largescale highstrength concrete tied columns tested under eccentric loading. Cusson and
Paultre also considered effects of-yield strength, concrete compressive strength, tie
configuration, and lateral anldngitudinal reinforcement ratios when developing their model
(Cussan and Paultre 19 9sBan.curv€ forscanbned aadnudconfireds | t r e
concrete consists of two parts. The initial part is a relationship originally proposed by Bopovic
(1973), and the second part is a modification of the relationship proposed by Fafitis and Shah
(Fafitis and Shah 1985) for higgtrength confined concrete. As reported by Cusson and Paultre
(1995), yield strength of lateral reinforcement is developdbeapeak strength of concrete only

for well-confined highstrength concrete specimens; therefore, peak strength of confined
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concrete was computed by employing an iterative process in this model. Formulas of these two
models are provided iBhapter 3.

Saman et al. (1998) and Youssef et al. (2007) models were chosen as representative
models for concrete confined by FRP. Samaan et al. developed a bilineasts&i@ssiodel for
FRP-confined concrete based on 30 cylindrical specimens tested under uniarjaession
loading (Samaan et al. 1998). They used a-fyameter relationship originally proposed by
Richard and Abbott (1975) to model initial behavior of FédAfined concrete. Calculating the
fracture strain and its corresponding stress, the intialecis followed by a line connecting the
initial part to the fracture point.

Youssef et al. (2007) used results of an experimental program that includeddalge
circular, rectangular, and square short columns confined by c&RBrand EglassFRP waps
in order to develop a stresgrain model for concrete confined by FRP. This model is applicable
for predicting monotonic behavior of lewo high-confined concrete. The initial relationship of
this model is a polynomial function followed by an ascegdor descending linear part that

represents lowand moderateto high-strength confinement, respectively.
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For concrete confined blyRP and conventional lateral steel, Kawashima et al. (2000),

Lee et al. (2009), and Shirmohammadi et al. (2014) models were implemented in the computer

123



program. Kawashima et al. strestsain model was developed by combining the Hoshikuma et

al. (1997) modl for concrete confined by steel tie reinforcement and the Hostani et al. (1998)
model for concrete confined by carbBRP. The initial part of this model is a polynomial
followed by a linear path. The linear part of this model can be ascending or degcend
depending on the confinement ratio of the concrete section (Kawashima et al. 2000). Lee et al.
(2009) presented a comprehensive stetigsn model for concrete confined internally by lateral

steel and externally by FRP wraps based on experimentdtsregu24 concrete cylinders
subjected to compression. The Lee et al. model consists of three polynomials: acsdeond
polynomial function, a polynomial at strain corresponding to plain concrete strength, and a
polynomial at the point representing tteelral steel yield point (Lee et al. 2009). In order to
estimate ultimate stress and corresponding strain, Lam and Teng (Lam and Teng 2003) equations
were modified by introducing two new parameters based on experimental results from Lee et al.
Shirmohammaicet al. developed a constitutive stresssain relationship to model the behavior of
concrete confined by FRP and lateral steel. They Udemenfeldt et al(1987) stresstrain
relationship which is the modi f irgdxperimentali on o
data,Shirmohammadi et aproposed two equations for ultimate strain and corresponding stress
for FRP and steel confined concreféde formulations of monotonic stresgain models for
concrete confined by FRP or FRP and conventionaldbséeel are provideidh Chapter 3.

Concrete tensile strength can be considered by assuming a linear equation with a slope
equal to modulus of elasticity of plain concrete in all aforementioned monotonic models. In
addition these models, a custom modetiamp was added to the developed program. Using
custom model functionality, users can implement and use their own model, including linear and

secondorder polynomial segments for various regions of cross section. Custom Model may
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include up to five segmentand each segment may be linear or polynomial. An example of a
Custom Model for plain or concrete confined by steel is showfigare 3-3. This monotonic
model consists of four segments; the first and third segments are polynomial, and the second and

last segments are linear.
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Figure3-4 Implemented steel @ssstrain models in computer application: @gstic-perfectly
plastic model, (b) Mander et al. model (1984), (c) Esmadidp model (2005), and (d)
MenegottePinto model (1973)

For steel, a plastiperfectly plastic model, Mander et al. model (19&gmaeilyXiao
model (2005), and Menegotieinto model (1973) were implemented in the computer
application.Figure 3-4 shows these four steel monotonic models. When no information except
yield strength and modulus of elasticity is available, the plastitectly plastic stresstrain
model can be used for monotonic behavior of longitudinal steel bars. Esmaeily ambX s st e e
monotonic model can be employed to model behavior of longitudinal reinforcement when

additional detailed information about reinforcing steel is available. Sitema behavior of
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various types of steel can be simulated using four paramefersk;, K, and K,). Yield

plateau, strain hardening, and softening of steel material were taken into account in this model
(Esmaeily and Xiao 2015). The hardegpnand softening branch of steel monotonic model can be
estimated using coefficients proposed by Esmaeily and Xiao (2002) when no information is
available except steel yield strength and modulus of elasticity. Based on tensile experiments of

steel bars, &maeily and Xiao proposed the ultimate stragg)(and strength {;,) for steel to be

equal to24.9® g, and1.3® f_, respectively (Esmaeily and Xiao 2002).

sy
The Mander et almodel (1984) was developed as a result of a variety of tension and
compression tests. This model takes into account elastic behavior, yield plateau, and strain
hardening of steel material. MenegeRd nt o 6 s model (1973) i nclude
initial line has the slope of steel modulus of elastiapyto yield strength, thereby modeling
elastic behavior of steel material, and pgistd strength is defined as a linear function with a
slope equal to a portion (defined by par amet er ) o f the 1initial p
characterization is neglected in Menegd®® nt o 6s monotoni c model
A bilinear model was used in the computer application to model uniaxial behavior of
FRP. The slope of tensile and the slope of cosgwe branches were equal to tensile modulus

and compressive modulus of elasticity of FRP wraps, respectively.

3-4-1 Cyclic Material Models

Various cyclic models were implemented in the computer application to model cyclic
behavior of materials in a composgection.A sample form of cyclic rules is shown Error!
eference source not found.Cyclic behavior of plain concrete can be modeled using a linear

model with a slope equal to the modulus of elasticity of concrete, or modedtopled by
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Mander et al. (1984) and Esmaeily and Xiao (2005). For cyclic behavior of concrete confined by
conventional lateral steel, Mander et al. and Esma&dyp cyclic rules were implemented in the
developed computer applicatiofrigure 3-5). All these cyclic models can work with any
monotonic model as an envelope curve. In the Mander et al. cyclic model, the unloading path
follows a concaveipward parabolic path with a zestope at the straiaxis. Tensile strength of

concete can be taken into account considering a linear path with a slope of plain concrete
modulus of elasticity. With increased strain, stress remains zero up to the last strain
corresponding to the zero stress, after which point strain grows in a linesdingigath with a

slope equal to plain concrete modulus of elasticity in the st&das (Mander et al. 1984). In
EsmaeilyXi aod6s <cyclic model, the unloading-path |

upward with a slope oE;, on the envelope curve (monotonic curve). This model may account

for the tensile strength of concrete. With decreased strain at the unloading path, stress decreases
to zero, after which point, if the tensile strength is ignored, stress remains zero; @hsiness
decreases to tensile strength using a linear function with a slopg. aVith increased strain,

stress remains zero up to the latest strain corresponding to zero stress and then stress increases,
following a concavelownward parabolic with a slope dE, at the strairaxis (Esmaeily and

Xiao 2005). Cyclic behavior of concrete confined by FRP or lateral steel and FRP can be
modeled by a linear cyclic model with a slope equal to the modulus of élasifcplain
concrete. Mander et al. (1984) and Esmaxigo (2005) cyclic models were originally
developed to model cyclic behavior of concrete confined by lateral steel; however, they can also
be applied to model cyclic behavior of concrete confined R IBr FRP and lateral steel. The
EsmaeilyXiao and linear cyclic models for confined concrete are shovidigare 3-5 in which

the Mander et al. confined concrete monotonic model is used as the envelope curve.
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fe £

(@) (b)
Figure 3-5 Implemented confined concrete cyclic models: (a) Esma@dyp model, (b) linear
model

For steel, Menegotte i nt o06s model -X{ B®903) moHemadi2lo05) ,
model with a slope equdb the modulus of elasticity of steel were implemented into the
developed computer program. Menegd®d® nt o006 s mod el has a biline
previously explained. Cyclic response of steel material was defined using a nonlinear equation.

The shapef unloading and reloading curves are defined by three param@&ers;, and a, .

Because of numerical stability and realistic predictions, many researchers have used this model
as abasis to propose new models for steel material.

EsmaeilyXi ao0s hysteretic model for steel s a
the unloading path is a linear function with a slope equal to modulus of elasticity of steel
material. The Bauschingeffect is taken into account in this model by changing the slope of the
first unl oading part into a portion of stee
(Esmaeily and Xiao 2005). In order to realistically simulate cyclic behavior of stestiahaihis
ratio and the strain at which the slope change occurs are different in the second (tensile strain and
compressive stress) and fourth (compressive strain and tensile stress) quarters from their values

in the first (tensile strain and stress) dhidd (compressive strain and stress) quarters. Esmaeily

128



Xi aods model PyBgeBR, RfandReg) torchange theshysteretbehavior of steel

material. Unlike Menegott® i nt o6s model , -Xiiamae@s ayndl iEs maedd
used in conjunction with any steel monotonic model as an envelope Eiguee 3-6 shows
EsmaeilyXi ao6s andPiMdmédgotctyoc!| i ¢ modeHigsre3f6@); st ee
EsmaeilyXi aobés monotonic model i's usexd amad®samyehin
model. The Menegott®into cyclic model is used in conjunction with Menegdiat o 6 s

monotonic model ifrigure3-6(b).
fi fs

() (b)

Figure3-6 Implemented steel cyclic models: (a) Esmaiigo model, (b) Menegott®into
model

3-5 Analysis

Because shear defoation is not modeled in the computer application, bealmmn
specimens should not be sheatical. A beam column specimen was modeled cantilever
considering fix support at the bottom of the specimen. Axial force and lateral
forces/displacements weresagmed to the top of the column. The centroid of a composite section

was calculated with respect to a globalaxd yaxis considered in the program. Considering
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curvature in x and ydirection, uniaxial strain of fibers was calculated using the following

equations:
&= 4 % -y X D
&=14 Y ¢ %*D (4-1)
e&=4 % -/ X D
In the above equations,;, e,, and e, are uniaxial strain at steel bar, concreteffjand
FRP fiber, respectivelyx, vy, /,, and/ , are locations of'l fiber with respect to xand yaxis

of the global coordinate system, respectively, &nd s st rain at the gl obal

(Figure3-7).

1‘@1154‘0711 2
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=
=
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(@) (b) (©)

Figure3-7 Cal cul ati on of fiberés strain und

When grains of all concrete and FRP fibers and longitudinal bars were calculated, stress
of fibers and bars were calculated through cyclic and monotonic models defined for each fiber or

bar as follows:

s = Steel Cyclic Mod€l Steel Monotonic Moddg, fe B,s... &,) (4-2)
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s =Concrete Cyclic Mod¢l Concrete Monotonic Mbde, Le U.s.., €., & £B)
s 4 = FRP Cyclic Modgl FRP Monotonic Modek, fe {):
where s_, s, and s, are stresses in"isteel/FRP bar, concrete fiber, and FRP fiber,
respectively. Stress in each fiber depends on current sgraipievious strain and stress of that
fiber (&P, &), strain and stress of the last point reached on the monotonic nagdes ) and in
concrete fibers, and strain and stress of the last pa@iohee in the unloading branch.(, s.)-
When the axial force and bending moments have stresses of all fibers and bars, the axial

force and bending moments are calculated using the following equations:

P=AsSfxdy = sdf (4-3)

A

M, = Ay ¥)dA

(4-2)

M, =ff (x %) dA

Using discrete fibers, the above equations can be written in the following discrete format:

P =E§. A By "Ca'% g _ &
ng Ne g
M, =a_. A S s Y a#% Si 3 Y %Y _ A ttE (Y Y (4-5)
Ng Ne Ny
MyzaAsi By Ky X ab% Si 2% % _-é“n+ § (% X

In the above egptions, A, A,, and A, are the area of'isteel/FRP bar!ficoncrete fiber,

and " FRP fiber, respectivelyx and y are the distares of the cross section of beasiumn

specimen centroid along &and ydirection, respectively.
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Figure3-8 Displacementontrolled codébased momenturvature curve

3-5-1 Moment-Curvature Analysis

In the ceveloped computer application, monotonic morm@ntvature analysis was
performed with consideration of the ceblased method and material models. Gbdsed
monotonic momenrturvature analysis can be conducted for RC bealmmns laterally
reinforced by coventional lateral steel and longitudinally reinforced by steel bars only.
However, exact monotonic and cyclic momentvature analysis considering material models
can be performed for concrete beaalumns with any longitudinal and lateral reinforcement.

In codebased moment ur vat ur e anal ysiloo,ckdheae s AGledst
considering the confinement effect. In this analysis, the angle of neutral axis with respect to x
axis should be given to the computer applicatidie approximate codeased moment
curvature graph contains four essential points. The firstt p@irelatel to the starting point of
which curvature and moment are equal to zero.

For displacement control analysiBigure 3-8), when the curvature changes sbgpstep and

132



moment is calculated, the bending moment drops when a crack develops. Therefore, at the same

curvature f ), two moments are present: the moment befmg_ ... and the moment right
after the crackM,, ..., - For forcecontrolled analysisHigure 3-9), when curvature related to a

given moment is calculated at the first crack point, the curvature jumps éwvaurvature
immediately following the first crack, thereby demonstrating the presence of two curvatures: one
before the first crack and one after the first crack. The third point of thebasdel moment

curvature graph i s r eHpaintéd steeldarshiriialle weld. The lastt d , 0

poi nt i's related to AUl t i makased Bimatestrapgtthof an wh i c
RC section.
M
O
My, ===

Mcr -t @cri—af ter

= 9y Pn 150,
q)cr—before

Figure3-9 Forcecontrolled codébased momenturvature curve

In momenitcurvature analysis using material models, the curvagiate along xand y
axis is known and the ultimate bending moment alorexl yaxis are calculatedsing material

models. Having/ , and,  in each step during an iterative process, the value o calculated

to set axial force equal to the applied axial force at the top of #re-tb@umn specimen. Next,
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bending moments along the and yaxis are calculated using Eq.-%% Unlike codebased
momentcurvature analysis, the developed computer application can perform monotonic and

cyclic momervcurvature analysis using material mtsde

3-5-2 Force-Deflection Analysis

Two methods can be employed to calculate flexural deformation of an RGdodamm.
In the first method, flexural deformation analysis of an RC bealiimn specimen is conducted
using the finite element approach. This apploaas high computational demands. In Finite
Element Method (FEM), displacement approximation has a significant role in the accuracy of
force-deflection results. When curvature of the critical section (at the bottom of thedwodammn
specimen) falls intdhe descending branch of the momeuatvature curve, the corresponding
stiffness matrix becomes negative definite and adaptive methods (resortivagrorplmust be

employed to capture foregeflection results (Esmaeily and Xiao 2002).

L
T Pt [Ptrans
l l
v i P Pcons
<>
Pu
(a) (b) (©)

Figure3-10 Curvature distributing along column height as assumed in (a) Priestley and Park
and Priestley and Par k r e v fissentbthdd,yandXd) ao 6 s
Esmaeily second method
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Table3-1 Implemented plastic hinge methods in the computer application

Method Plastic Hinge Length

Priestely and Par987) ,=0081 » f2 d, x=0.022mm(0.15in.

Priestley and Park Revised by Xie

(Esmaeily ad Xiao 2002) [,=0081 ¥ & d, x=0.022mm(0.15in.

Esmaeily First Metho@Esmaeily & Mg ey éﬁ M, Q(BL - Ip)
. =L 3 —red o, = Jyi @ 1
and Xiao 2002) =L @ M ' yeld C'Vyield + L

[ u
- . . 4 , & D LDe12s
p pcons Rans *  Peons R Rt Tpl T :, 0083 L L/D >lZE

Esmaeily Second Method —y 3 — ]
(Esmaeily and Peterman 2007) lp, =X * ¢ @&, x=0.022mm (0.15n.

_L Ml\jllield (:'L I p2+) I .

u

Brrans

In the second method to calculate flexural deformation of an RC -belmn, the
plastic hinge concept of the criticalcsien (or transition area) and a proper curvature distribution
along the beargolumn specimen height are employed to solve the fdeflection problem
when curvature falls into the descending branch of the meowewature curve. In the plastic
hinge appoach, column height is divided into two elastic and plastic elements. Depending on the
curvature distribution method, the length of the transition area (plastic hinge length) may or may
not change during foredeflection analysis. Total displacement at tbp of a column is a
summation of elastic and plastic deformation caused by elastic and plastic elements, respectively.

In the developed computer application, the second approach was employed to perform
force-deflection analysis of an RC bearnlumn undeconstant or variable axial force and cyclic
or monotonic lateral forces/displacements. Nearly 30 plastic hinge models are available in the
Il iteratur e, of which Priestley and Parkds mo:
second model, and Xlad6 s mo d e | (Esmaeily and Xiao 2002) w
based computer program. Although a majority of existing plastic hinge models in the literature

were developed considering uniaxial behavior of RC colurerperimental evidencelsave
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confirmed plastic hinge length is not affected by biaxlahding (Rodrigues et al. 2013);
therefore, the plastic hinge models developed based on uniaxial testing are applicable for biaxial
forcedef |l ecti on analysi s. Pr i es pdndsyn lanth hdigatr k 6 s
longitudinal steel yield strength, and rebar diameter. Curvature distribution was considered to be
uniform along the plastic hinge length, and axial force effect was not taken into account in
Priestley and Parkgsamdd&li aoX28d02f Esmaeir modi
plastic hinge length by employing maximum tensile stress at longitudinal bars instead of steel
yield strength. These plastic hinge models work well for RC columns under constant axial force

and monotonidateral force/displacement.

Esmaeil ydos first plastic hinge method con
zone or plastic hinge length. Plastic hinge length applied in this model depends on yield moment
and moment at critical section at eaclpsté loading. Therefore, axial force effect and cyclic
and monotonic behavior of all materials are taken into account in calculation of plastic hinge
l engt h. Esmaeil yds first plastic hinge | engt
moment to mom@ of critical section. Plastic hinge length simulates severe damage at column
footing; therefore, it cannot be decreased after formation (Esmaeily and Xiao 2002).

I n Esmaeil yés second plastic hinge model,
Curvaure distribution along the part closet to the critical section is assumed to be uniform. The
length of this part is constant and is equal to the section depth for columns with high to depth
ratio of less than 12.5; otherwise, it is equal to 8LQ8vhereL is the column height. Curvature
distribution along the second part is assumed to be linear; its length depends on existing axial
force and | evel of l ater al force. Esmaei |l yos

compared to Priestley and Park argegtley and ParRevised by Xiao models for RC columns
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under variable axial force and cyclic lateral force/displacement (Esmaeily and Xiao 2002).

Curvature distribution along column height as assumed in aforesaid models is shown in

Figure3-10and their formulation is summarizedTiable3-1.

Given P, A, and A,

A

.

Calculate My,,. My, and
Ay and Ay, for P

A= JAZ +AZ< A2 + A2 °

P

Select @ux. Puy

'

Calculate My,.. My,

andl,

|

Calculate Ay gy,

andAy iy

@, =—. and

12"

Calculate @y, Quy

|

Calculate M,,,,.
My, Fy and F,

!

More Points?

'ﬂtry: \‘Ilﬂzzr—zry + ﬂi‘—t?‘_}'

try

Figure3-11 Forcedeflection analysis flowchart

Ay — ﬂ‘ < Acceptable Error?

NOL

END

The developed computer application can conduct biaxial fdeflecton analysis. Axial

force and lateral forces/displacements are applied at the top of columns. For each combination of

axial force and lateral displacement in theard ydirection using two sets of tri@rror process

for D, j, and/ ,, axial force and lateral displacements are set to the applied values. Force

deflection analysis of an RC section under constant or variable axial force and cyclic or

137



monotonic lateral displacements can benducted using aforesaid plastic hinge models
implemented in the developed computer application. A simplified flowchart for-teftection
analysis of an RC column under axial force and biaxial lateral displacements is shown in

Figure3-11.

3-5-3 Axial Force-Bending Moment Interaction Curves

Three types of axial foremoment interaction 3D surface of an RC section can be conducted
using the developed computer program. In the first type, or-loased axial forecenoment
interaction 3D sudce, axial forcanoment analysis is performed considering the ACI stress
block concept without considering the confinement effect applied by lateral reinforcement.
Compressive strain in the extreme concrete fiber is assumed to be 0.003. Considerinfica speci
angle for neutral axis with respect to thexs, for each level of axial force through an iteration
process, curvature along the neutral axis is changed to converge to a curvature resulting in the
considered axial force. When curvature is changedast n at t he gl obal coor
changed to maintain strain at the extreme compressive concrete fiber equal to 0.0d3agedde
axial forcemoment analysis can be performed only for concrete sections reinforced laterally by
lateral steel reinfwement and longitudinally by steel bafhere are two methods to calculate
the ACI interaction curve as follows:

In the first method, the strain at the extreme concrete fiber is equal to 0.003. The
curvature along the analysis axis is increased from ethe point that strain at the extreme
tensile steel bars becomes equal to 0.005. Then the curvature is decreased in a way that strain at

the extreme steel fiber remains 0.005.

138



0,003 [_=——"—+

Figure3-12 Curvaturechange in Method 1

In the second method, the strain at the extreme concrete fiber is kept constant and equal

to 0.003 and the curvature will increase to the point and the section fails.

0.003—[

Figure3-13 Curvature change in Method 2

The second type of axial foreeoment interaction surface is calculated considering user
selected material models for plain concrete, confined concrete, reinforcing steel, and FRP. This

type of interaction surface can be calcethtor a concrete section confined by conventional steel
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(tie/spiral), FRP wraps, or FRP wraps and conventional steel. Strain at extreme compressive
fibers is assumed to be constant and can be defined by the user.

The third type of interaction 3D surface referred to as axial fordgending moment
interaction failure surface in the literature. Four techniques were employed in the literature to
construct the 3D failure surface of a composite section: (i) interaction curve considering constant
or variable atio of curvature along-xand yaxis (constant neutral axis orientation), (ii)
interaction curve for a given ratio of bending moment-iand ydirection, (iii) bending moment
constant for a constant given axial force, and (iv) generation of triplets s&sultant extending
an oriented strength line. The first technique (constant neutral axis orientation) was utilized in
the developed computer application.

In various algorithms developed by researchers to calculate failure surface, ultimate
moment capcity of an RC section is defined as the maximum moment in monotonic moment
curvature analysis considering constant axial force (not considering the loading pattern of axial
force). However, columns exposed to a dynamic excitation are subjected to g lpattern in
combined but nomroportional lateral and axial directions. Consideration of axial force loading
pattern when calculating bending capacity of an RC section is essential in structure columns
located in neafault regions.

The developed computepplication is capable of generating the failure surface of a
composite section using proper material models with or without considering the axial force
loading pattern. To calculate the failure surface of a section while considering the axial force
loading pattern for a specific neutral axis orientation and axial force le¥gld moment
curvature analysis was performed considering the pattern of axial force against curvatures along

x- and ydirections. The maximum moment wasested as the ultimate capacity of the section
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in that level of axial force. The axial force loading pattern includes a number of points with

various curvature along the and yaxis and axial force coefficien (, j ,, ac). The axial force

coefficient (ac) for any combination of xand y curvature cannot exceed 1.0, meaning that the
maximum compressive axial forcac® P) in that pattern i®qual to the specified level of axial
force (P). The axial force coefficient may consider more thari, meaning that the maximum
tensile axial force capacity of the section should not be considered more.than Sinusoidal

and triangular axial force loading patterns are shovkigare3-14.

ATATATATORATATATATS

(a) (b)
Figure3-14 (a) Sinusoidaland(b) triangular axial force loading pattern

3-6 Validation Examples

This sectionpresentsthe performance and applicability of the developed computer
applicationusing four examples in which analytical results by the program are compared to
experimental results from tests conducted on the respectarimspe The first example
investigatexomputer applicatioaccuracy to predict momentirvature response of a reinforced
concrete section. In the second and third validation exapgoesputer application performance
for predicting the forceleflection reponse of two columns with their respected cross sections is
illustrated. The fourth test investigates computer application capability in constructing the failure

surface of a square section and interaction curves using the AClstressoncept.
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Figure3-15 Geometry and reinforcement of the specimer36P(a)elevation, (b)crosssection

3-6-1 Moment-Curvature Analysis

The developed windowased computer application was employed to conduct mement
curvature analysis of a holv square cross section. The hollow square section, as shown in
Figure 3-15, had a width of 400 mm (15.748 in.), cover width of 50 mm (1.97 in.), and hole
width of 200 mm (7.874 in.). Cylinder strength of concrete was 29.7 MPa k&i). The column

specimen was reinforced longitudinally with 24 No. 13 (24 #4) Grade SD295A (yield strength
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was 374 MPa (54.24 ksi)), giving the specimen a longitudinal ratio of 2.53%. The longitudinal
steel rebar arrangement is shownHigure 3-15. The transverse reinforcing steel was Grade
SD295A with yield strength of 363 MPa (52.64 ksi). Lateral reinforcement was a No. 6 (#2) with
centerto-center spacing of 100 mm (3.93 in.), giving the specimen volumetric lateral
reinforcement of 1.23%.

The column specimen was tested under constant axial force of 230 kN (51.71 kips) and
cyclic uniaxial lateral force. Bending moment and curvature were measured at the column
footing. Additional details regarding experimental setup are presented in Kawashiala
(2001).

The Mander et al. model (1988) for unconfined and confined concrete was employed in
order to model monotonic behavior of concrete fibers located in the cover and core concrete,
respectively.The Mander et almodel was developed for circaland rectangular crosections
without a hole/openingAn equivalent rectangular section with@mopening was considereal
order b use this modefo simulatemonotonic behavior o€onfined concrete i@ rectangular
section witha hole/openingDimensons of the equivalent rectangular sectveeresimilar to the
original section; however, only the outer layer of longitudinal and lateral reinforcemeimal
section were considered as longitudinal and lateral reinforcement of the equivalent. section
Maximum strength, ultimate straimnd fracture strain of confined concrete the hollow
rectangular sectiowas calculated considering the equivalent rectangular sestitime Mander
et al. model (1988)Tensile strength for confined and unconfined cetemwas assumed to be
10% of the plain concrete compressive strength. Linear cyclic behavior with a slope of plain

concrete modulus of elasticity was considered for unconfined and confined concrete fibers.
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MenegottePi nt o6 s model ( 1 9 ¢y8lix andv manotonis leeldaviar of mo d e
longitudinal steel bars. The monotonic curve backbone coefficiehtil MenegottePi nt 006 s

model was set to 0.01. Cyclic paramet&s &, and a, were considered 2.0, 2.0, and 0.09,

respectively.

Curvature (1/in.)
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Figure3-16 Comparison of analytical and experimental mor@ntature response curves for
the hollow square crosection (TP36)

Experimental and calculated momentrvature curves at the bottom of the column
specimen are shawin Figure 3-16. As demonstrated in the figure, great agreement exists
between experimental data and analytical results calculated by the developed -vasgolv

computer application.
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3-6-2 Force-Deflection Analysis

3-6-2-1 Reinforced Concree Column under Axial Force and Uniaxial Lateral
Force
The developed fibebased computer application was employed for fokegection

analysis of an oval section (79 under constant axial force and uniaxial cyclic lateral force,
tested by Fujikura et al(1998). Geometrical properties of the oval section are shown in
Figure 3-17 in Sl and imperial systems (numbers in parenthesis). The column specimen was
reinforced longitudinally with 38 No. 10 (38 #3) Grade SD295, giving the specimen a
longitudinal ratio of 0.83%. The longitudinal steel bar arrangement is showigume 3-17.

Lateral reinforcement was provided using No. 6 (#2) with cdnteenter spacing of 150 mm
(5.905 in.), giving the specimen volumetric lateral reinforcement of 0.9%. Cylinder strength of

concrete f.,) was 22.7 MPa (3.292 ksi) and yield strength of longitudinal and lateral steel was

379 MPa (54.97 ksi) and 380 MPa (55.114 ksi), respectively. The oval section was under
constant axial force of 160 kN (35. 97 kips) and lateral uniaxial forcedinextion. Additional
details regarding experimental setup are presented in Fujikura et al. (1998).

No. 6 @ 150 (#2 @ 5.905)— —38 No. 10 (38 #3)

CGiC

900 (35.43) -

-——400 (15.748)———~

Figure3-17 Oval crosssection (TP9)
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Figure3-18 Comparison of analytical and experimental fededflection response curves for

In order to model the behaviof oonfined concrete, the Mander et al. model and linear

oval section

cyclic model were used as monotonic and cyclic rules, respectively. Ultimate strain, stress, and

fracture strain of confined concrete in the oval section were calculated considering only one of

the crcular hoops in the oval section as an equivalent section. Diameter of the equivalent cross

section was equal to the width of the oval section (400 mm (15.748 in.)). It was reinforced

longitudinally and laterally using 14 No. 10 (14 #3) and No. 6 @ 150#2n@ 5.905 in.).

cyclic model were employed. Menegofoi nt 006 s

For plain concrete (located at the cover), the Mander et al. monotonic model and linear

monotoni c

and

longitudinal reinforcement behavior. The monotonic curve backbareffigent (b) in

MenegottePi nt o6s model was seR,a,andd wdelconsidered2.0i c

2 .

0 ’

and

0.

cycl
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employed as curvature distribution along the speci

based analysis predicted cyclic foideflection of
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Figure3-19 Comparison of analytical foregeflection with experimental data for specimen
PB12N15 in (a) ¥, and (b) ydirection under expanding square path
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Figure3-20 Comparison of analytical foregeflection with experimental data for specimens
PB12N16
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3-6-2-2 Reinforced Concrete Column under Axial Force and Biaxial Lateral
Force

The second example of forceflection aalysis is related to biaxial analysis of
specimens PBXRI15 and PB12N16 from experimental work by Rodrigues et al. (2012). In that
work, specimens PB1iR15 and PB12N16 were tested under expanding square and circular
displacement paths, respectively, amhstant axial force at approximately 10% of theoretical

axial capacity (equal t® = A, 31, wherer,, f, and A, are theoretical axial capacity, plain

concrete compssive strength, and gross creextional area, respectively). These two
specimens had a square cross section with a dimension of 300 mm (11.81 ksi), and they were
reinforced longitudinally using eight No. 12 bars in European standard (No. 12 bar diemeter

12 mm (0.472 in.)), giving the specimen a longitudinal ratio of 1.01%. Lateral reinforcement was
provided by No. 6 bars in European standard with a step of 150 mm (5.9 in.) (No. 6 bar diameter
is 6 mm (0.236 in.)), giving the specimen volumetric lateeaiforcement of 0.21%. Cylinder

strength of concrete f(,) was 21.57 MPa (3.13 ksi), and steel reinforcement grade in the

longitudinal and lateral direction was A400N8D (European standard).
Monotonic behavior of longitudinal bavgas modeled using an idealized bilinear model.
Because no information was available concerning the monotonic curve of reinforcing steel

material, as recommended by Esmaeily and Xiao (2002), the ultimate gaiar(d strength (

fs,) for steel was considered to #.9° ¢, and 1.3 f_, respectively. The linear model was

sy?
used to model cyclic behavior of longitudinal bars with linear unloadktaading stiffness.

For confinel and unconfined concrete fibers, the Mander et al. model (1988) for confined
and unconfined concrete was used, respectiv€lyclic behavior of concrete fibers was

considered linear with a slope equal to the modulus of elasticity of plain corienetgy and
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Parkodos plastic hi

height.

Experimental and analytical forakeflection curves of specimens PBN25 and PB12

nge met

hod

(1987)

was

empl oy

N16 are shown irFigure 3-19 and Figure 3-20, respectively. As demonstrated in these figures,

predicted results are in good agreement with experimental data.
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Figure3-21 Failure curves for square section

3-6-3 Axial Force-Bending Moment Interaction Curves
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The axial forcebending moment failure surface was constructed for a square cross

section beantolumn specimen with a dimension of 400 mm (15.75 in.). The square cross

section was reinforced longitudinally using 20 N8.(20 #4), giving the specimen a longitudinal

ratio of 1.58%. Lateral reinforcement was provided by No. 6 (#2) steel rebar with lateral spacing

of 70 mm (2.75 in.), giving the specimen volumetric lateral reinforcement of 0.57. Cylinder
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strength of concte was 35.9 MPa (5.207 ksi), and yield strength of longitudinal and lateral steel
was 363 MPa (52.65 ksi) and 368 MPa (53.37 ksi), respectively.

Actual interaction curves and failure surface of the square section are demonstrated in
Figure 3-21 and Figure 3-22, respectively. To construct these plots, confined and unconfined
concrete models of Mander et al. were used to model the behavior of confined and unconfined
concrete fibers. The Menegotffinto model was gpied to model cyclic and monotonic
behavior of longitudinal steel bars. Monotonib)(and cyclic coefficients §,, a,, &) in
MenegotteP i nt 0 6 s mosidlerdd 0.00e2r0e2.0cand.09, respectively.

In addition to actual failure surface, axial fodfeending moment interaction 3D surface
of the square section was calculated considering thes&€s$s block method (ACI 31BL). In
Figure3-23 andFigure3-24, the red and blue dots are related to the-l@raction surface with

consideration of reduction factors and Ai@ieraction surface without reduction factors.
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Figure3-22 Failuresurface of square section
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3-7 Developing New Model for Circular Concrete Column Confined by

FRP and Conventional Lateral Steel

FRP application to enhance ductility, flexural strength, and shear capacity of existing
deficient concrete structurdsas increased during the last two decades. Therefore, various
aspects of FRfeonfined concrete members, specifically monotonic and cyclic behavior of
concrete members confined and reinforced by FRP, have been studied in many research
programs, resulting iproposal of various monotonic models for concrete confined by only FRP.
Ozbakkalogu et al. (2013) reported 88 monotonic models for-¢eRRned concrete circular
sections until year 2011. They categorized these models into two -aesgted and analysis
oriented groups based on Lam and Tengds sugge
selected statistical indicators, model performances were assessed compared to reliable
experimental data. According to their investigation, models by Lam and {[2&a8) and
Tamuzs et al. (2006) most accurately predict ultimate strength and strain efoRRied

concretgOzbakkalogou et al. 2013).

FRP wrapping is typically used to confine existing concrete members containing
conventional lateral steel reinforcene(tie/spiral). The confining effect of lateral steel
reinforcement in analytical studies has been uniquely considered in various models. A majority
of related models consider confinement due to FRP and ignore the effect of conventional lateral
steel reinbrcement. Shao et al. (2005) used the model proposed by Samaan et al. (1998) that
utilizes concrete confined only by FRP to conduct a flimsed analysis of concrete specimens
confined by FRP and tie. Although the amount of lateral steel reinforcememotvaggligible
in their test specimens, they ignored its confining effect and achieved a reasonably good

agreement between experimental data and analytical results.
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The model by Kawashima et al. (2000) was the first model to consider the confining
effectsof FRP and conventional lateral steel reinforcement. Harajli et al. (2006) consequently
proposed a novel model for circular and rectangular concrete columns confined by FRP and
conventional lateral steel. Eid and Paultre (2008) proposed a relatively icategl model
requiring numerous parameters with good accuracy compared to experimental data. Based on
test results from 24 specimens, Lee et al. (2009) proposed a new empirical model to predict
monotonic behavior of concrete confined by FRP and steell spicrcular sections. Chastre
and Silva (2010) proposed a model for circular sections using Ricard and Abbott (1975) stress
strain relationship. Pell egrino and Modenaods
rectangular sections confined by FRP wothwithout lateral steel reinforcement. Recently, Hu
and Seracino (2013) proposed a constitutive model using Popovics (1973) equation and modified
Mander et al. (1988) equations to predict peak stress and corresponding strain for concrete
confined by FRP rad lateral steel reinforcement. However, their model does not predict ultimate

stress and its corresponding strain, two important parameters of monotonic models.

A majority of models have been based on experimental data from tests performed only by
originaors. Performance of these models in prediction of experiments conducted by others
degrades considerably, as discussed later, as proven by a comparison of models proposed for
conventional confined concret@&Esmaeily and Lucio 2006)Exploration of existingmodel
performances for predicting the behavior of several tested specimens shows a need for
improvement of existing algorithms. The model proposed in the current study is a step in this
direction.

In addition to the proposed model, performance of fouressmtative models in the

literature was assessed in this study. Two of the four models (Samaan et al. 1998; Youssef et al.
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2007) were proposed for concrete confined only by FRP but used as a model in analytical studies
for concrete confined by FRP anddadl steel. The other two models (Kawashima et al. 2000;
Lee et al. 2009), originally proposed for concrete confined by FRP and lateral steel, were chosen
because of their eagg-use equations and accuracy in predicting experimental monotonic

behavior ofspecimens confined by FRP and lateral steel.

The new model proposed in this study was developed for concrete confined by FRP and
conventional lateral steel. Performance of the proposed model and the four representative models
from literature was comparea texperimental data from four independent databases. These
specimens were reinforced laterally by FRP wraps and steel tie/spiral and tested under
monotonic concentric loading by Demers and Neale (1999), Eid and Paultre (2008), and Lee et

al. (2009).

In order to demonstrate the accuracy of the proposed model compared to the four
aforesaid models, a blind verification was performed using nonlinear mamesiture analysis
and experimental momentrvature response of two specimens not used to calibrate the
proposed model. These two specimens originated from experimental works performed by
Kawashima(2001).They werereinforced byCarborFRP andsteel tie laterally and were tested

under constant axial load and cyclic lateral force.

3-7-1 Proposed StressStrain Curve

Most concrete members retrofitted or designed using FRP wraps contain internal lateral
steel reinforcement. Core concrete in these members is under the confining action of steel
tie/spiral and FRP warps. However, due to limited experimental data fresrctexlucted by the

originator, proposed models for concrete confined by FRP or FRP and tie/spiral do not provide a
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reasonably accurate prediction of specimen behavior tested by other researchers. Use of these
models to analyze performance of columns cediby FRP and lateral steel underestimates or,

in some cases, overestimates section capacity related to flexibility and flexural strength.
Development of the proposed model for concrete confined by internal steel and external FRP
lateral reinforcement ian attempt to address the aforesaid issue.

Axial stressstrain behavior of concrete confined by FRP and lateral steel (tie/spiral) was
obtained using the Thorenfeldt et al. equation (1987). This equation is a modified version of the
Popovics (1973) equation which describes stredsain behavior of unconfined concrete
(Popovics 1973). This equation works well for nornwalight concrete. In addition, many
researchers have used this equation to simulate -strags behavior oconcrete confined by
conventional steel reinforcement. Hu and Se
monotonic behavior of concrete confined by FRP and lateral steel. The Thorenfeldt equation is

as follows:

n(e./ &)
n-1 e/ g™

fe _
fou

(2-3)

wheren=E./(E, -f,/e,). E, is the modulus of elasticity of the concrete,and e, are axial

stress and axial strain of confined concrete, respectivglyand f,, are ultimate strain and
ultimate stress of confined concrete, respectively, and Thorenfeldt pardoreie.

Many equations for calculating the modulus of elasticity of concrete are proposed in the
literature. h this study, ACI equations were used because of their relative accuracy in providing

the modulus of elasticity of concrete. ACI concrete modulus of elasticity equations for normal

weight concrete is as follows:
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E. :470Q/ fo, (MPa)

(2-4)
E. = 5700Qf fo (osi)
where f_, is compressive strength of unconfined concrete.
Table3-3-2 Geometrical and mechanical properties of specimens
FRP
f;o Eip f.
_ t (mm f, f q w
Specimen D (m) (MPa) e, (GPa) (Mp“a) Type (Mga) s(m (m:ﬁ (MPa) €.,
U252 (Deﬂgg)a“d Neale 3 25 0.002 0.9 84 3037 Tie 400 0.15 113 366  0.0104
U403 (Dei‘zgg)a”d Neale 3 40 00027 0.9 84 3937 Tie 400 0.3 6.4 548  0.0065
Canp2C gé'gsfnd Paulte. 403 317 0002 0762 78 3350 Spiral 456 0.065 113 496 00124
CaNP4C gé'gsfnd Paulte. (303 317 0002 154 78 3350 Spiral 456 0.1 113 6938  0.0243
C2Mpac é'é'gs';"“d Paulte 303 508 00024 1524 78 3350 Spiral 456 0.065 113 9208  0.0188
ASNP2C (2%'(?)‘8‘3‘”" Paultre, 303 317 0.002 0762 78 3350 Tie 602 0.07 9.5 50.6  0.0124
S2F2 (Lee etal2009) 0.5 362  0.0024 022 250 4510 Spiral 1200  0.02 5 92.68  0.038
S2F3 (Leeetal, 2009) 0.5 362  0.0024 033 250 4510 Spiral 1200  0.02 5 1080  0.039
S2F4 (Leeetal, 2009) 0.5 362  0.0024 044 250 4510 Spiral 1200  0.02 5 1157  0.0384
S2F5 (Le etal, 2009) 015 362  0.0024 055 250 4510 Spiral 1200  0.02 5 1508 0.043
S4F2 (Leeetal, 2009) 0.5 362 00024 022 250 4510 Spiral 1200  0.04 5 7477 0.0225
S4F3 (Leeetal, 2009) 0.5 362 00024 033 250 4510 Spiral 1200  0.04 5 888  0.029
S4F4 (Leeetal, 2009) 0.5  36.2  0.0024 044 250 4510 Spiral 1200  0.04 5 1042 0.032
S4F5 (Lee etal, 2009) 0.5 362  0.0024 055 250 4510 Spiral 1200  0.04 5 1236  0.036
L.RCC. 1.1L
(Benzaid etal, 2010) %10 951 00377 34 50 ie 235 01 8 059 01593
LRCC. 2.1L
(Benzaidetal, 2010) 00 951 00377 34 50 ie 235 014 8 917  .01475
LPCC. 1L
(Benzaidetal, 2010) 00 593 00273 34 50 ie 235 014 8 963  .01278
ILRCC.1.1L
(Benzaidetal, 2010) 00 824 00302 34 50 ie 235 0141 8 584  .00737
ILRCC.2.1L
(Benzaidetal, 2010) 916 824 00302 34 50 ie 235 0142 8 918  .0935
ILRCC.1.3L
(Benzaid etal, 2010) 010 goa 00302 34 50 ie 235 0143 8 015 1372
ILRCC.2.3L
(Benzaid etl., 2010) 016 g24 00302 34 50 ie 235 014 8 9.35 1344
ILPCC. 3L
(Benzaidetal, 2010)  9'® 946 00169 34 50 ie 235 014 8 291 .00727
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3-7-2 Peak Stress and Strain in Confined Concrete

Ultimate strength and corresponding strain @n@ortant parameters ia stressstrain
model. Major parameters affecting ultimate strength and corresponding strain of confined
concrete include (i) crossectioral dimension, (ii) lateral steel reinforcement bar area, (iii) lateral
reinforcement spacingiv) FRP thickness, (v) FRP tensile strength, (vi) compressive strength of
unconfined concret@nd(vii) FRP modulus of elasticity and/or FRP rupture strain.

Coefficients and factors in the following equation for the ultimate strength of concrete
confined by FRP and conventional lateral reinforcement are based on regression analysis of a set
of 22 experimental studies. Geometrical and mechanical properties of these specimens are
presented inTable 3-3-2. All specimens were wrapd by CFRP with fibergrimarily in the
hoop directionCFRRwrapped pecimens with stiffness ithe longitudinal direction and a few
specimens in Demers and Neale (1999) that were damaged Hefarempression test have
been excludedBehavior of concret confined by lateral steel and FRP wrapas notably
different from concrete confined by lateral steel and FRP bgmausea par t of FRP
lateral strairoriginatedfrom itsP o i s sation Therefore, concrefdled CFRP tube specimens

with interral transverse steel reinforcement also have been excluded.

af, 0 4 6 f. & d%°
_ i )
» e i e (9
where
23t, °f,
f|f D
(2-6)
f o= 23 Ast 3fys
Is S3 dC
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In Egs. (3234) and (235), t,, fyr, A, f,.» ands are FRP thickness, ultimate strength

of FRP, transverse steel cross section area, steel yield strength, and transverse steel spacing,
respectively. The confining mechanism for concrete oedfiby FRP and lateral steel is shown

in Figure3-25. Relationships between the second and third teriniy. 4224 with experimental

ultimate strength of confined concrete are shownFigure 3-26 in which normalized
experimental ultimate strength of confined concrete from the 14 specimens has reasonable linear
correlation with the second and thtetms of Eq. £224.

The second important parameter of the stedissn curve is the ultimate strain of
confined concrete, beyond which confined concrete is assumed to fail. Ultimate strain is a
function of ultimate confining pressure by FRP and conventional steel. FRP jacketing and its
mechanical properties significantly affect the ultimate strain of confioedrete. Experimental
data monitoring showed the conventional reinforcement correlation between FRP jacketing

confinement and confinement. The following equation is proposed for ultimate strain of confined

concrete:
: 07 o 07 . goa_ 08 0.£
Cu — fr 0 f 0 fed 8 & 0o Epp
S =20 46.5 & 6.6 —s S 0 — . (27)
€0 C'co @ % @ ch éﬁg " D = ch :
where Eq, is FRP modulus of elasticity. Parametdfs and E,, are provided in Eq(3-236)to

consider properties related to FRP jacketing. The second teprimgrily related to FRP
confinementand the third term primarily relates to the confining effect of lateral steel. For two
specimens with identical lateral steel ratio, ultimate strain provided by the specimen with smaller
lateral steel spacing is higher than the specimen with largeallateel bar area and spacing.

Therefore, the lateral spacing effect is considered in the third term of the proposed equation for
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ultimate strain as an individual term in addition to confining pressure caused by lateral steel
reinforcement. The relationghibetween the second and thiterms of Eq.(3-236) with
experimental ultimate strain is shown kingure 3-27, which demonstratea reasonable linear
correlation between normalized experimental ultimate strain and the secottirderm of Eq.
4-226. Figure 3-28 shows a sample of the proposed ststssin curve for concrete confined by

FRP and lateral steel.
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Figure3-25 Confining mechanism for carete confined by FRP and lateral steel
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Figure3-28 Proposedtsessstrain curve for confined concrete by FRP dateralsteel

3-7-3 Validation

3-7-3-1 Validation of the Proposed Model in Prediction of ConcentrieUniaxial
Monotonic StressStrain Response

Figure 3-29 to Figure 3-33 show pedicted monotonic uniaxial concentric Stref®in
curves for specimens S2F2, S2F3, S4F2, A3BNP2C, and2U2&spectively, using the four

models and the model proposed in this paper. In the model by Kawashima et al. (2000), the
initial part of the modeis a polynomial function ending & , followed by the second part of the

model that ends at a strain corresponding to ultimate strersgth For specimens S2F2 and
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S2F3, the calculatee, is greater thare,,; therefore, the model by Kawashima is not presented

in Figure 3-29 and Figure 3-30. For specimens S2F2 and S2R3g(re 3-29 and Figure 3-30,
respectively) with considerable lateral steel reinforcement, models by Samaan and Youssef
underestimate the ultimate strength and ultimate strain. The model by Lee, calibrated against and
proposed based on theiwp test data, works generally well for these two specimens, as
expected.

For specimen S4FZF{gure 3-31) with less lateral steel reinforcement ratio compared to
the first two speci mens, Sa matengihand overdsenatesu nder
ulti mate strain. Youssefds model under esti mat

S2F4 and the first two specimens (S2F2 and S2F3). The Kawashima model underestimates

ultimate strain and overestimates strengtthefconcrete section for specimen S4F2.
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Figure3-29 Comparison of confinement models to experimental ss&asm of S2F2
(monotonic concentric)
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Figure3-30 Comparison of confinement models to experimental sstess of S2F3
(monotonic concentric)

For ABNP2C specimer{gure 3-32), all models except those proposed by Samaan and
Kawashima provide a reasonably accurate prediction of the ultimate strain of confined concrete.
The Samaan na®l significantly overestimates the ultimate strength and straf8NP2C. For
the last specimen, UZB, predicted ultimate strength and strain by all models differ significantly
from experimental values.

As shown inFigure 3-29 to Figure 3-33, the proposed model has good agreement with
experimental results for specimens S2F2, S2F3, S4F2, and A3NP2C. Although the model
slightly overestimates the ultimate strength for specimen-2J4bigure 3-33), its overall
performance is better than the other four models.

Predicted normalized ultimate strength and strain of confined concrete by the proposed
model and the four aforesaid models versus experimental results are shiéiguré3-34 and
Figure3-35, respectively. Because ultimate strain predicted by the Kawashima model is less than

transition strain, predicted ultimate strength and strain for specimens S2F2, S2F3, S2F4, and

162



S2F5are not plotted in these figures. As demonstratdeignre 3-34, the proposed model has an

overall margin of error less than the four representative models for predicting ultimate strength

of confined concrete.
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Figure3-31 Comparison of confinement modelseperimental stresstrain of S4F2
(monotonic concentric)

As shown inFigure 3-35, variability of the predicted ultimate strain versus expental
data is higher than variabilityof predicted ultimate strength versus experimental data.
Normalized ultimate strains predicted by the proposed model show a good correlation with
normalized experimental ultimate strain. In addition, the proposedlmag& smaller margin of
error than the four representative models for predicting ultimate strain of confined conbeete.

overall margin of error for ultimate strain and strength is 20% and 15%, respectively.
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3-7-3-2 Validation of the Proposed Model in Response Prediction of a Member
under Combined Axial and Lateral Load

For further verification of the proposed model, experimental das usedrom two
specimens not used fanodel calibration. Geometrical ral mechanical properties of these
specimens are presentedTiable 3-3. These two specimens were tested under cyclic lateral load
Experimental data included the moment and curvature at the cdhoting interface extracted
from data recorded by local displacement transducers and/or gtnagresaffixed to the main
bas, applied lateral forceanddisplacement and axial force recordedthe top of the columns
(Kawashima et al. 2001 Momentcurvatureanalysisis preferredfor accuracyassesment of
ma t e rmoretioricsbehavior since no assumption on curvature digtsibalong the column
height is required. The proposed model and other aforesaid models were impleminted in
fiber-based momernturvature analysis and results were compared to experimental data. All
other factors except the material model for confinedcrete were unchanged in the analytical
processincluding the monotonic stresstrain relationship of steel, cyclic rules for stesd
plain and confined concrete.

Analytical procedure is based @nnonlinear fibetbased model in which a section is
divided into several parts and the column or beam is divided into several segmdirntdual
fiber behavioris then simulated using a proper monotonic model and cyclicColaputational
efficiency of this method igreaterthan efficiency of theFEM to nodel flexural behavioof
concrete members (Rodrigues et al. 20E8)ure 3-36 shows a circular sectioof mesh used in
fiber-based analysis in this study. The cross section of beam ordmamnwasdivided into
core concretegover concrete, longitudinal steel, and FRP fibers. The cross section of the fiber
elements in this studwas triangularin accordance withthe meshing procedure used in the

analytical procedure.
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Table3-3 Geometrical and mechanical properties ofZlPand P-23 (Kawashima et al. 2001)

Specimen TP-22 TP-23
Diameter (nm) 400 400
Longitudinal reinforcement 12 No.16 12 No.16
Longitudinal steel yield strengtiviPa) 374 374
Tie Reinforcement No.6 @ 5.9 No6 @ 5.9
Tie steel yield strengtiMPa) 363 363
Fiber Type CFRP CFRP
FRP Thicknessnim) 0.11 0.22
FRP modulus of elasticity@Pg 266 266
FRP fracture Strain 0.0163 0.0163
Unconfined compressive strendifiPa) 30 27.5

In order to address analydicneeds of this study, a windowsased computer application
was developed. As the next version of a program developed to analyze performance of
reinforced concrete columns under various load patterns, the developed computer application is
capable of biadl nonlinear monotonic and cyclic momenirvature and forceeflection

analysis under any load ansplacement pattern (Esmaeily and Peterman 2007)

o Tie/Spiral
Longitudinal bars

//Concrete fibers
confined by FRP and
tie/spiral

Concrete fibers\A@ " |+
confined by FRP

Figure3-36 Fiber representation afrcular section

167



As shown inFigure3-36, four types of fiber elements are specifieda concrete section
confined by FRP and lateral steel: (i) concrete fiberdiced by FRP and lateral steel located at
the section core, (ii) concrete fibers confined only by FRP (cover concrete for a conventionally
reinforced section), (iii) longitudinal reinforcement bars, and (iv) FRP fibers.

Momentcurvature analysis was coradad for two sections: TR2 and TP23
(Kawashima et al. 200155eometrical and material properties of these two sections are listed in
Table3-3. FRP wraps used in specimens-ZPand TP23 werehorizontal therebyacing only

in the lateral/hoop directionith nostiffness in the longitudinal direction.

Figure3-37 MenegottePinto monotaic and cyclic model

The three fiber types (Types i, and iii) followed monotonic and cyclic models and
rules.In orderto analyze section behavighree cyclic models for steel were implemented in the
developed windowbased computer applicationcluding linearcyclic modelEs maei | yés cy.
model (Esmaeily and Peterman 2007; Exmaeily and Xiao 2@0%) MergottePi nt o 6s cycl

model (1973) When all other parameters remainunchanged, predicted behavior using

MenegotteP i nt o and E s meae geheyallysclosarotal expesimental data. The
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MenegottePinto modelincludesfour parameters for setting monotonic and cyclic behavior of
steel. As shown ifrigure 3-37, monotonic behavior of steel slinearin the MenegottePinto
model. The first part of the monotonic model is a line with a slope equal to the modulus of
elasticity of steelendng at the steel yield point. It is followed by the second line with a specific
slope set by the first parameter of the MenegPBitdo model ¢) set to 0.01Cyclic parameters

of the MenegottePinto model R, a, and a,, were considered 2.0, 2.0, and 0.09, respectively
(Menegotto and Pintd973).

In order to model behavior of concrete confined only by FRP (concrete fibers located
between lateral steel reinforcement and FRP, referred to as cover concrete for conventionally
reinforced sections), -3ranumsaast weised im dhis Stadyna an 6 s
Considering functionalities of various models, the Samaan model is used for concrete fibers
located in the cover concrete region only whehavior of core concrete fibers are predicted by

the same model.

Maximum uniaxial compressivstrength of a concrete fiber predicted by the Samaan
model, which considers only FRP, for specimens2PPand TP23 was larger than the ones
predicted by Kawashima, Lee, and Youssef models in which effects of FRP and lateral steel
were considered Hgure 3-38). Because real FRP confinement for a section is less than
confinement provided by FRP warp and steel lateral reinforcement, the Samaan model cannot
logically be used as monotonic behavior of concrete fibers located at the cover region when the
Kawadima, Lee, or Youssef model is used for monotonic behavior ofsemton fibers.
Therefore, the Youssef model is used for monotonic behavior of concrete fibers located at the
cover region, and the Kawashima, Lee, Youssef or proposed models are usezhdtomc

behavior of coreeoncrete fibers.
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Figure3-38 Analytical stressstrain of (a) TP22 (with one layer of CFRPand (b) TP23
specimen (with two layers of CFRRBhonotonic concentric)

Cyclic behavior of FRRonfined fibers is considered linear with a slope equahéo

modulus of elasticity of plain concrete.

Monotonic models developed to predict behavior of concrete columns confined by FRP
can be categorized into two groups. In the first group, the effect of existing internal lateral steel
reinforcement (tie/spirglis ignored. In the second group, however, this effect is implemented.
The Samaan and Youssef models represent the first group, and the Kawashima, Lee, and
proposed models represent the second group. Similar tocemPed only fibers, cyclic
behavior offibers confined by FRP and lateral steel is also considered linear with a slope equal

to the modulus of elasticity of plain concrete.

Analytical results obtained from the five models (Samaan, Youssef, Kawashima, Lee,
and the proposed model) are compacedxperimental results for specimensZ2Pand TP23 in
Figure 3-39 and Figure 3-40, respectively. Throughout all analytical processes, only the

monotonic model for core concrete and cover concrete changed.
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Monotonic behavior, cyclic rules of steel, and cyclites for fibers located at cover and
core regions remained unchangéth.e t er m A p derstodhe abiity of thé analyé&cal
procedure to predict real behavior of the specimen. The closer the pregittidhe real values,
the higher the perfanance of the modelStiffness degradation and Bouschinger effect are
primarily affected bythe steel hysteretic model when the level of axial force is low. Therafore,
orderto compare experimental data and analytical results, the envelope of flexunanmio
analytical and experimental hysteretic momeumtvature curvesvas compared. The closer the
predicted analytical envelopse to the experimental, the higher the performance. The mement

curvature envelope of specingehP-22 and TP23 are shown ifrigure3-41.

As shown inFigure 3-39 and Figure 3-40, Youssef, Kawashima, and Lee models have
almost the same predication for specimens2ZRand TP23. Moment capacity of the section
dropped significantly féer curvature 0.1 and 0.15 (1/m) in specimens2PPand TP23,
respectively Although Kawashima and Lee models are proposed for concrete confined by FRP
and lateral steel, their predictions are more realistic for a specific range of FRP and steel lateral
reinforcement. As shown iRigure 3-39, the predicted moment capacity of a section is closer to
the experimental moment for a section with two layers of FRP (higher FRP ratio) compared to a

section with only one layer of FRP (lower FRP ratio).

Although the Samaan model was developed doncrete confined only by FRP,
performance of this model for specimens-ZPand TP23 was better than performance of the
Kawashima and Youssef models, considering the confinement effect of FRP and lateral steel
reinforcement. Performance of the Samaan ehadproved by increasing the number of FRP
layers, as shown inFigure 3-40. For other stresstrain models, ultimate strain of confined

concretewaslower than the one predicted blye Samaan model. Therefore, confined concrete
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fibers beganfailing in a curvature less than 0.1 (1/myhen the Samaan model was used,
curvatue at the start of failing for concrete fiberss higher than 0.15 (1/m). Ashownin
Figure3-34, the Samaan model overestimates ultimate compressive strain of specimens confined
by FRP and lateral steel for 558then considerig the confinement effect of FRP onljhe
Samaan model was proposed using condiédel FRP tube specimenand the effect of FRP

tube P o i s sratio @rs lateral FRP strain was ignored. Therefalee Samaan model
overestimatediltimate strain of specinms TP-22 and TP23 whenconsidering the confinement

effect providednly by FRR therebyleadng to better performance compealto other models.
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Figure3-41 Momentcurvature envelope of (a) specimen-ZP (with one layer of CFRP) and
(b) specimen TR3 (with two layers of CFRP)

The proposed model works reliably well for specim@&®s22 and TP-23, as shown in
Figure 3-39 and Figure 3-40. Versatility of the proposed modelas enhanced by four
independent experimental databases. Compared to other nbdgtspposed model calculated

moment capacity of T2 and TP23 sgcimens conservatively closer to the experimental data.
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3-8 Summary

A fiber-based method was employed to analyze RC sections, and a number of monotonic
and cyclic material models from the literature were implemented developed computer
application. Because he devel oped computer application ut
cross section can have any arbitrary shape. Monotonic and cyclic rules of materials can be
unconditionally complex. The developed windbased computer application can be used for:

1 Construction of 3D axial forebending moment interaction surface for RC
columns with conventional lateral steel reinforcement using the ACI dilesls
(codebased),

1 Construction of axial foreeending moment interaction surface using proper
material nodels for RC columns laterally reinforced by steel, FRP, or steel and
FRP assuming constant strain at extreme compressive fiber,

1 Construction of real axial fordeending moment failure surface considering
proper material models for RC columns lateralipfi@rced by steel, FRP, or steel
and FRP with or without considering the axial force loading pattern. Ultimate
moment capacity of an RC section is defined as the maximum moment in
monotonic momenrturvature analysis with constant or variable axial force,

1 Momentcurvature analysis for RC columns with conventional lateral steel
reinforcement considering ACI streBkock (codebased),

1 Biaxial momentcurvature analysis considering proper material models under any

pattern of curvature in the two lateral direascand arbitrary axial load pattern,
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1 Biaxial forcedeflection analysis using proper material models and plastic hinge
method under any pattern of lateral displacement in the two lateral directions and
an arbitrary axial load pattern.

Accuracy of the develp e d computer applicationods cal
through validation examples in which analytical predictions were compared to experimental
results. Calculated results demonstrated a close agreement with the experimental data. The effect
ofaxialand | ater al forcesd |l oading pattern in t wc
of concrete columns confined by conventional lateral steel reinforcement, FRP, or lateral steel
and FRP can be captured using proper monotonic and cyclic matedals and assumption on
curvature distribution along the column height. In addition, accuracy of existing monotonic and
cyclic material models and curvature distribution assumption (plastic hinges methods) can be
assessed through various types of ansiygien experimental data is available.

In order to obtain a more versatile model for the stséigsn relationship of concrete
confined by FRP andlateral steel,a new monotonic modeWas developedusing four
independenéxperimentatatdasesutilizing specimens tested under concentric monotonic axial
load. @mpared to other modelpredictions by he proposed model she@ good agreement

with experimental data for the specimens.

Blind verification of the proposed modelas also conductedsing experimetal data
from two concrete sections not ustedcalibratethis model. Becauseexperimental dat of these
two sections includesdmoment and curvature at the colufimoting interface, a fibebased
momentcurvature analysisvasconductedusingthe proposed nael andthe otherfour models
of monotonic behavior ofonfined concretébers.Use offour independentlatabases to develop

the proposed modelemonstratedihcreasedversatility andaccuray in performance prediction,
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especially ultimate failure conditio, ultimate strengthand overall stresstrain response

compared to existing modelstime literature.

This model and other representative models were implemented in a wibdoed
computer program which is explained in detail in Chapter 4. This apphcean analyze the
load/displacement pattern and flexural performance of a reinforced concrete section or structural
members with various crosectional geometry, type, and arrangement of reinforcement in

longitudinal and lateral directions.
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Chapter 4 - Parametric Study on Load History and Pattern

4-1 Introduction

Loading history, pattern, intensity, and linear combinations of loads, specifically lateral
and axial loads, can significantly affect RC column behavior (Sadeghvaziri and Fouch 1991, Lee
et al. 2009). Duringan earthquake, a majority of buildings are subject to biaxial lateral
earthquake forces and variable cyclic axial force. Biaxial motion is induced in columns of
irregular buildings, even against ediectional earthquake motions. Experimental studies and
investigations of damaged structures after earthquakes have proven that damage caused by
bidirectional earthquake motion differs from and, in most cases, is more extensive than damage
caused by uniaxial earthquake motions (Marante and Flanpaz 2002, Rdrigues et al. 2013).

This chapter discusses the effect of lateral displacement/loading pattern and variable axial
force on performance of RC members. The effect of lateral displacement/loading pattern was
investigated in relation to performance of RCrheedr s 6 f | exur al capacity a
In addition, a new axial foreBending moment interaction curve was conducted that considered
maximum bending capacity of the section in a morteinvature analysis with variable axial

loading.

4-2 Effect of Lateral Displacement/Loading Pattern on Performance of RC

Members

4-2-1 Analytical Model

In order b assess performance of RC column behavior under various loading scenarios, a

computer application was developed for nonlinear analysis of RC columnsumabeal lateral
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forces/displacements and axial loading. Functionalities of this computer applicaton

explained in detail in Chapter 4.

A typical RC column was simulated usiagionlinear fibersbased model in which a cross
section of an RC columwasdivided nto a number of fibers, including confined concrete fibers
at the section core enclosed by lateral reinforcement, plain concrete fibers at the section cover,
and longitudinal steel fiber®©ther researchers have effectively utilizad fiberbased modelot
simulate flexural behavior of RC columns (Esmaeily and Xiao 2005, Shao et al. 2005)

Figure4-1 shows iber representation of a square cross seetitimtriangular mesh.

For columns with conventional geometry, deformation catibgity was considered by
the classicaBernoull-Euler rule of plane sectiomemaining plae after deformation. Each fiber
was assignedo the proper monotonic stresgrain model in which cyclic rules for hysteretic

performancendconfining effectavereconsidered when applicable.

Confined Concrete Fibers

D aaavAvAY, o / =
) A PN N, ¢
Steel Bars . 3\ | N7 |

Unconfined Concrete Fibers

Figure4-1 Fiber representation of a square cross section

In the present studythe model developed bpander et al.(1988) was employed to

model uniaxial behavior of concrete fibers confined by tie in compression. This modeéca

179



used to model normaveight concrete in circular and rectangular sections confined by spiral,
circular, or rectangular tie with or without cross tidsiaxial monotonic behavior of unconfined
(plain) concrete fibers was modeled usitige model develeed by Mander et al.(1988)The
equation related to the first part of this mott&l plain concretevasidentical to the equation
used for confined concrete by assuming zero lateral pressure; the secomwdagpartline

connecting strengghthat corresponed to a strainof 23 e, (e, is axial strain in unconfined
concrete corresponding to maximum compressive stress of plain coremet&é)e point of
concrete spalling&,,) with zero strengthlensilebehavior of confined and unconfined concrete

fibers was modeled by linear stresstrain relatioship with a slope equal to the modulus of
elasticity of plain concretd-ibers were shown to lose their tensile or compressive strength after
the first failure in tension or compressiorensile strength of concrete is generally less than 20%

of the compressive strength, and it can be obtained experimentally using a tension test-or a split
cylinder test. In addition, a bending test of a plain condretan can be used to obtain tensile

strength of concrete, known as the modulus of rupture. When experimental data is unavailable,

tensile strength of concrete is commonly calculated using eqdafrd}ﬂ«ffgo (MPa), proposed

by the ACI. Tensile stength of plain concrete, for which no direct experimental value exists, has
commonly been considered to be approximately 10% of the standard compressive.strength
Cyclic behavior of confined and unconfined concrete fibers was assumed to be linear with a
slope equal to the modulus of elasticity of plain concrebe effect of lateral reinforcement was
taken into account using the proper stretsain model for concrete confined by lateral
reinforcement, namely stirrups. Monotonic and hysteretic ssteai relationships of confined

and plain concrete fibers are showrFigure4-2.
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In order © model uniaxial monotonic behavior of longitudinal steel bars, four models
were assessead the presented studidealizedbilinearmodel, Menegot-Pi nt o6 s model
Es maei | yBssaeimand Xiao 2005), and the nrebdy Mander et al. model (1984)
(Figure 4-3). These models were selected because of their widespread usage and numerical
stability. The initial line in the idealizebilinear curve ha a slope equal to the steel modulus of

elasticity (E;), followed by the second line thi a specific slope calculatedth consideation of

fracture strength { ;) and fracture straind; ) of steel material.
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Figure4-3 Uniaxial monotonic s&ssstrain models for longitudinal steel

181



The Menegottd?into model1973)had a bilinearbackbone curve, and the initial linecha

the slope of steel modulus of elasticity up to yield strendth)( The postyield linear function

had a slope equal to a portion of steel modulus of elastidéfined as hardening ratio. The first

line of the Menegottd’into model wasonnected to the second line using a transition curve with
curvatureR,. The effect of yield @teauwasi gnor ed . Esmaei | Edmmeilymonot o
and Xiao 2005accounedfor effects of strain hardening and softening of longitudinal steel using

four parametersK,, K,, K;, K,). These parameters defththe ratio of ultimate and fracture
stress and strain with respect to yield strength and stejn, (respectively. Inthe model by

Mander et a{1984) only the strain hardeningffect was considered, and the ultimate point

(point with maximum strengthyasdefined as the fractureomt of the steel material.

When no information was available regarding uniaxial behavior of the reinforcing steel

except yield strengthf( ), the ultimate strain, ) and strength {,) for longitudinal steel were

considered to be24.9® e, (e, is the yield strain of steel) and.3 f,, respectively, as

sy!

recommended by Esmaeily and Xi@®05).

Utilization of MenegotePi nt o6s (1973) and | inear hyster
behavior of longitudinal steel bars of columns under uniaxial and biaxial lateral forces,
respetively, provided results with the closest agreement to experimental data. The linear cyclic
model used in this study had linear unloading and reloading with a slope equal to the steel
modulus of elasticity. Unlike the linear cyclic model, Menegétto n modél accounted for the

Bauchinger effect during unloading and reloading cycles.
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4-2-2 Validation of Analytical Model

4-2-2-1 Moment-Curvature Analysis

Momentcurvature analysisis the preferred analysis to assess accuracy of material
behaviorbecauseno assumptiof curvature distribution alonthe column heigh{plastic hinge
model)isrequired To t he author6s knowl edguwvatureonrvee x per i
exists in the literature; therefor®, verify accuracy of momerturvature response performed in
this study, unidirectional cyclic momeatirvature analysis of a circular section (specimen TP

21) was compared to existing experimental data (Yoneda et al. 2001).

No. 6
Lateral Force
No. 16
Wy
g Lz By
= ‘e /
Y
\. .
- 400 mm -
No. 16
E
No. 19 %
1150 mm
- . (a) . - (b) .
Figure4-4 Geometry andainforcement details of specimen-2R: (a) elevation, (b) cross
section
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The circular column had a diameter of 400 mm and a clear cover of 25.4 mm. This
specimen was reinforced longitudinally using 12 No. 16 evenly distributed steel bars, Grade
SD295 (nommal yield strength in tension is 374 MPa) and reinforced laterally using No. 6 steel
tie, Grade 295, with 150 mm spacing. Details of longitudinal and lateral reinforcement of
specimen TR21 are shown irFigure 4-4. The strength of plain concrete was 30 MPa. The
column specimen was tested under constant axial force of 185 kN and reversed cyclic uniaxial
lateral force. Detailed information regarding experimental setup is presented in Yoneda et al.

(2001).

Fiber representatiorof the circular cross section is shownFigure 4-5. The model by
Mander et al(1988)was used in conjution with the linear cyclic rule to model behavior of
confined and unconfined concrdtbers Based on moentcurvature responses obtained using
thethree monotonic and cyclic models for reinforcing steel hhedylenegottePinto model was
selected to simulate behavior of longitudinal steel fibers vensgction is under uniaxial cyclic
loading. The monotonicurve backbone coefficienb{ in theMenegottePinto model waset to

0.01, and cyclic parametd®g a,, and a, were considered 2.0, 2.0, and 0.18, respelstiv

Cyclic momenicurvature analysis of specimen -BB, obtainedby the developed analytical
mode| was compared to experimental dataFigure 4-6. In this figure, the purple dastline
andtheblue solid line demonstrate calated analytical results and measured experimental data,
respectively. As shown ifigure 4-6, flexural capacity of the circular section wascurately

predictedusing the analytical model.
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Figure4-5 Fiber representation of TPL
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Figure4-6 Comparison of analytical uniaxial momesurvature with experimental data for

specimen TR21

In order to explore the effect of mesheson accuracy of results, the maximum fiber area

was set to a series of values frabcent to 4cn?. Refinement of the mesh did not have a

considerable effect on the general momanwvature curve. Therefore, thending moment of

the point with maximum positive curvature was compared to the experimental value for the

various mesh sizes. As shownRigure4-7, the difference was less than 2% for all mesh sizes.
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Although accuracy improved by decreasing the margin from 2% to approximately 1.17%, when
mesh size decreased froAtn? to 0.5cnf, the computational time ioreased approximately

250%, as shown iRigure4-7.
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Figure4-7 (a) Computational error and (b) computational time using six maximum fiber areas
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Figure 4-8 Curvature distribution along column height as assumeal)iR1iestley and Park
method (1987and (b) EsmaeihXiao second metho(2002)

4-2-2-1 Force-Deflection Analysis

The forcedeflection response of@lumn can be evaluated using two approaches. In the
first approach, flexural deformation of column is calculated using the Finite Element Method

(FEM) in which curvature of the critical section (with maximum moment) falls into the
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descending branch ofébmomenicurvature curve. The corresponding stiffness matrix does not
remain positivedefinite, and displacemeubntrolled adaptive methods are needed to capture the
force-deflection response (Esmaeily and Xiao 2004). Accordingly, computational demand

increases significantly in this approach.

06

Lateral Force
G412
& 300 mm -
E i
£ = . . .
£ 2
= =
7 £ L
; . . §
,?_, =
. ) .
610 16
i airmal
w6 =
Etjizz:j:jiil >
T

1300 mm

(@) (b)
Figure4-9 Geometry and reinforcement details of specimens RBI3, PB12N15, and PB12
N16: (a) elevation, (b) crosection

In the second approach,plastic hinge method witbropercurvature distribution along
the bearrcolumn height is employed to calculate the fededlection response when curvature
falls into the descending branch of the momantvature curve. Considering the plastic hinge

modd, curvature distribution along the column height is divided into two regions. Curvature
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distribution in the top region (as shownRigure 4-8) is linear, leading to elastic deformation of

the RC columndés tip; whereas curvature distr
region denoted as plastic hinge length) may not be linear, leading to plastic deformation at the

top of the colum. Plastic hinge length depends on the curvature distribution model and may or

may not change during forakeflection analysis. Total displacement at the top of the RC column

is a summation of elastic and plastic deformations.

In this study, the second apmach was employed to perform fordeflection analysis of
an RC column specimen. Although a majority of existing plastic hinge models in the literature
was developed considering uniaxial behavior of RC cokinaxperimental evidence $fa
confirmed that plstic hinge length is not affected biaxial loading (Rodrigues et al. 2013he
Priestley ad Park (1987) modeEsmaeilyXiaob s f i r st and second model
2002) and Xi gentasily and Xia® PO02yere used to calculate uniaxiaildibiaxial
force-deflection response of three RC columns@BBI13, PB12N15, and PB12N16)tested by
Rodrigues et al. (2012)The columns hada 300x300 mm square crosssection Lateral
reinforcement was provided by No. 6 bars of the European standante{diad 6 mm) with
step of 150 mm starting at 1.2 m from the bottom of the colurfos. longitudinal
reinforcement, eight No. 12 bars in European standard were evenly distributed (diameter of 12
mm). Reinforcement details of these specimens are showigure4-9, and &perimental setup

is presented in Rodrigues et al. (201Phe specimens were subjected to constant axial force at

approximately 10% of their theoreticaéctioncapacity A, 3 fo, where f_, and A, are plain

concrete compressive strength and gross cross section area, respédsivelyoncrete strength
was approximately P57 MPa and the grade of steel reinforcement in longitudinal and

transverse directions was A400MN8D (Europan standard). Specimens BBN13, PB12N15,
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