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ABSTRACT

Fiber reinforced polymer (FRP) composites have doextensive applications in the field of
Civil Engineering due to their advantageous proegrsuch as high strength-to-weight ratio and
high corrosion resistance. This study presentsmplsi and efficient frame finite element (FE)
able to accurately estimate the load-carrying dapand ductility of reinforced concrete (RC)
circular columns confined with externally bondebefi reinforced polymer (FRP) plates and/or
sheets. The proposed FE considers distributedigtgsivith fiber-discretization of the cross-
sections in the context of a force-based (FB) fdatmn. The element is able to model collapse
due to concrete crushing, reinforcement steel yigldand FRP rupture.

The frame FE developed in this study is used tdiptehe load-carrying capacity of FRP-
confined RC columns subjected to both concentrid ancentric axial loading. Numerical
simulations and experimental results are compaasgd on experimental tests available in the
literature and published by different authors. Thenerically simulated responses agree well
with the corresponding experiment results. The taoting features of this FE include
computational efficiency, accuracy and ease of Uikerefore, the proposed FE is suitable for
efficient and accurate modeling and analysis ofd@imns confined with externally retrofitted

FRP plates/sheets as for parametric studies reguiimerous FE analyses.
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1 INTRODUCTION
1.1 BACKGROUND

A large number of reinforced concrete (RC) colurbnst in the past are inadequate to meet
current seismic design requirements in terms df stength and ductility [1]. In addition, harsh
environmental conditions can have a significantatieg effect on the durability and structural
integrity of RC columns, and can produce severeos®n of embedded steel rebars, which is
one of the primary reasons of structural damag®&forcolumns [2]. Inadequate RC columns are
very vulnerable to dynamic loads and their fail@@n lead to significant damage or even
complete collapse of the structural system of whiety are part (see Figure 1.Epr example,
the 1989 Loma Prieta earthquake in the United Stdakee 1994 Northridge earthquake in the
United States, the 1995 Kobe earthquake in Japahthee 2008 Wenchuan earthquake in China

have caused extremely severe loss of lives ancepiep [3],[4].

Figure 1.1 - Failure of a spirally-wrapped colunuridg the San Fernando Earthquake, 1971,
California (Image credit: NOVV/NGDC, E.V. LeyendexkU.S. Geological Survey)

The concrete compressive strength and ductilitylmasignificantly increased by providing
lateral confinement [5]. Confinement with steeltptahas been used to rehabilitate deficient

columns for more than four decades [6]. Signiftaaxperimental and analytical work has been

1



performed to understand the behavior of steel-oedfiRC columns and develop appropriate
design provisions for this type of structural rétr¢7],[8]. However, the use of bonded steel

plates has several drawbacks, including high qoss$sibility of steel corrosion at the steel-
concrete interface (which may lead to prematuredbéeilure), and the requirement for

specialized heavy equipment at the work site [9].

In the last few decades, structural engineers Hseen researching substitutes to steel
confinement in order to reduce the high costs gfaieand maintenance of damaged or
inadequate structures. Composite materials, i.atemals that are formed by the combination of
two or more distinct materials at the microscopials, have gained widespread use in the
retrofit of structural systems. Fiber reinforcediypeoer (FRP) materials are a relatively new
category of composite material manufactured frobers and resins, which were originally
developed in the early 1940’s for different typeapiplications in mechanical and aeronautical
engineering [10]. The combination of high-strenbiph-stiffness structural fibers with low-cost
lightweight environmentally-resistant polymers prods composite materials with better
mechanical properties and durability than eitheth&f constituents alone. FRP materials can
offer designers an excellent combination of prapsrthat can be achieved at a lower cost than
with other ordinary structural materials. FRPs barapplied to significantly strengthen (in both
flexure and shear) beams, columns, and slabs wiih @ small increase in structural size and
weight. FRP materials do not corrode electrocheltgicand have demonstrated excellent
durability in harsh environmental conditions [1They have high strength-to-weight ratio, and
they usually weigh less than one fifth of the weighsteel, with the tensile strength can be as
much as eight to ten times as high [I}e mechanical properties of FRPs make them ideal f

extensive applications in construction worldwide.



FRP plates and/or sheets can be bonded to theioextérconcrete structures with high-
strength adhesives to provide tensile or confimeigforcement as a supplement provided by
internal reinforcing steel. The benefits are twdfdll) reducing the impact of other degradation
processes due to aggressive environmental consljiteord (2) enhancing the strength of concrete
due to the confinement of FRP.

Figure 1.2(a) presents a picture of two technicegmdying FRP sheets to bridge piers, while
Figure 1.2(b) shows a sketch of a RC column codfiveth external FRP, which is

representative of the structural members that @nsidered in this study.

N >
L External FRP

" /steel reinforcement

—
diP
T Longitudinal
Nl
TN

Transverse
41" steel reinforcement

(@) (b)
Figure 1.2 - FRP-confined RC members: (a) bridgesptonfined with externally bonded
FRP sheetshftp://www.luckett-farley.com/frp-strengtheningand (b) sketch of a RC
column confined with external FRP

1.2 RESEARCH MOTIVATIONS
Retrofitting RC members with externally bonded FRa3 been widely recognized as an
efficient technique to increase the strength, titigtiand durability of these members.

Confinement of RC columns with FRP has been wideiged, in particular for



retrofit/strengthening of structures located intlegmake-prone regions. The reliable use of FRP
plates/sheets for confinement of RC columns requaeproper understanding of and the
capability of accurately modeling the stress-straghavior of FRP-confined concrete. The
proper use of this strengthening procedure alsoiregjthe analysts to be able to accurately and
efficiently predict the improved performance of fieP-confined columns based on the specific
geometry, material properties, and amount of FRRed. Thus, numerous numerical tools have
been developed to model the structural behavior F&fP-confined columns [14]-[38].
Understanding and modeling the structural behavidfRP-confined RC columns is still a very
active research field, mainly due to the complegityhe problem.

This study focuses on the finite element (FE) miodebf RC columns with circular cross-
section confined with externally bonded FRP plateséts. The purpose of this study is to
properly combine existing modeling tools and depedonew nonlinear frame FE able to model
the mechanical behavior of FRP-confined RC columesurately and efficiently. In addition,
this study proposes a mechanics-based materialtictive model able to describe the
mechanical behavior of concrete confined simultasBowith transversal reinforcing steel and

externally bonded FRP.

1.3 Score

The main part of this research deals with the modebf response of FRP-confined RC
circular columns subjected to concentric monot@xi@l load (i.e., increasing axial deformation
only) and eccentric axial load (i.e., constant blgad and increasing transversal load). The
interaction of confinement effects on the concrdte to transversal reinforcing steel and
externally bonded FRP is also studied at the nateand structural levels. Modeling of

square/rectangular specimens is beyond the scapésaitudy.



1.4 OBJECTIVES

This research work identifies and achieves th@falg objectives:

1. Appropriately modifying and implementing existingsponse-only mechanic-based
material constitutive models for concrete confineith FRP in a general-purpose FE
program.

2. Developing and validating a new frame FE for nogdin FE analysis of circular RC
columns confined with FRP.

3. Extending the newly developed frame FE in ordeditectly model the confinement
effects due to transversal steel reinforcementrdrigl

The first goal is achieved by implementing the nuoa algorithms corresponding to several
material constitutive models in FEDEASLab, whisha MATLAB [39] toolbox suitable for
linear and nonlinear, static and dynamic structarsdlysis [40]. FEDEASLab is the primary
computational platform for the development of FEdals in this study.

The second goal is accomplished by implementing\a force-based frame FE with fiber-
section discretization, which uses advanced noatimeaterial constitutive models to describe
the nonlinear behavior of steel, unconfined comgrsteel-confined concrete, and FRP-confined
concrete. A database of experimental results pudddisn the literature, which considers a wide
range of different model parameters (e.g., uncedficoncrete strength, FRP tensile strength,
and FRP modulus) is also developed. This datalsassed to validate the implemented nonlinear
FE models.

The third objective is achieved by developing newmerical algorithms for a concrete
material confined at the same time with FRP andl sésd implementing them in FEDEASLab.

Another test database is also prepared to valtiateewly developed FE model.



1.5 ORGANIZATION OF THE THESIS

This thesis consists of six chapters and five agiges, which present the results of this
research and the detailed formulation of the model®loped in this study.

The first chapter is an introduction, detailing treckground and previous research to model
the mechanical behavior of RC columns confined witel plates and externally bonded FRP. It
also gives a brief description of the research vatitbtns, scope, and objectives. Chapter two
covers a literature review of previous stress-straindels of FRP-confined concrete and FE
modeling of RC columns confined with FRP. Chapitee¢ describes the FE formulation and the
material constitutive models used in this studychapter four, the newly proposed FE model is
validated using two test databases for two diffedeading conditions (i.e., concentric and
eccentric axial loading), which consider a widegaof parameters such as unconfined concrete
strength, reinforced steel area, and FRP tengiémgth. In chapter five, the newly developed
frame FE is extended to model the interaction efdbnfinement effects due to transversal steel
reinforcement and FRP. The same databases amedtil validate the accuracy of the extended
model.

Conclusions and future work are discussed in chaptefollowed by a list of references and

the appendices.



2 LITERATURE REVIEW

The proper use of strengthening/retrofit of RC ouhs with externally bonded FRP requires
the accurate prediction of the improved performasfche FRP-confined columns based on the
specific geometry, material properties, and amairfERP utilized. Numerous numerical tools
have been developed to model the structural behafi¢-RP-confined columns. These tools
include (1) stress-strain models of FRP-confinesicoete at the material level, (2) stress
resultant-section deformation relations at the sixection level, and (3) FE models of structural
components at the structural level. This chaptesgmts a brief literature review of these three

types of numerical tools.

2.1 STRESS-STRAIN M ODELSOF FRP-CONFINED CONCRETE

A large number of studies available in the literatihave been conducted to develop
appropriate stress-strain relations for FRP-couffioencrete. These stress-strain models can be
classified into two categories: design-oriented et®dand analysis-oriented models [13].
Design-oriented models (e.414],[16]-[19]) provide closed-form equations ditigccalibrated
on experimental results for predicting the compresstrength, ultimate axial strain and stress-
strain behaviors of FRP-confined concrete; wheagadysis-oriented models (e.g., [20]-[23])
derive stress-strain curves that can be used wiihitinear FE models.

Farids and Khalili [14] conducted experimental $est 46 cylindrical specimens which were
encased in four types of glass FRP with the nurob&RP layers varying from one to fivi.
was suggested that both the simple triaxial faitrierion suggested by Richart et al. [15] and a
more accurate criterion suggested by Newman andidewcan provide acceptable estimates for
ultimate strength of FRP-confined concretbe failure criteria cited above were employed to

qguantify the increase in the concrete compresdiength and to obtain an equation to predict



the confined concrete strength by using the maximeonfining pressure that the FRP
plates/sheets can exert.

Karbhari and Gao [16] obtained a large set of drpammtal data based on variety of
reinforcing fiber types, orientations and jackeatkhess.Then, they developed simple design
equations able to estimate the response of FRRreohtoncrete and verified these equations
based on their experimental data. However, thecasifiressed the importance of developing a
true mechanics-based model of concrete confindd RRP rather than rely on empirical models.

Samaan et al. [17] presented a simple model toigirtite complete bilinear stress-strain
response of FRP-confined concrete in both axial #atdral directions based on their
experimental tests. The experimental test resnotgcated thathe initial softening or yielding
occurs at the level of the unconfined strengtharfccete and the secondary slope is proportional
to the stiffness of the confining jacket in thiire@ar response. The model is based on correlation
between the dilation rate of concrete and the haidfmess of the restraining member. It was
shown that this new model can provide an accuregdigtion of the failure of FRP-confined
concrete.

Toutan;ji [18] performed experimental and analytieairk on the performance of concrete
columns externally confined with carbon and glaBPFeomposite sheetBifferent types of
unidirectional FRP composites were applied to tnder specimens. The confined and
unconfined specimens were loaded in uniaxial cosgioa. An analytical model was developed
to predict the stress-strain relationship of cotecrgpecimens wrapped with FRP composites
sheets.Comparison between the experimental and analytesullts indicated that the model

provides satisfactory predictions of the stresaistresponse.



Xiao and Wu [19] described the axial compressiah tesults of concrete cylinders confined
by carbon FRP jacketsThe test results indicated that concrete strengith eonfinement
modulus, defined as the ratio of transverse confer@ stress and transverse strain, were the
most influential factors affecting the stress-straehavior of confined concretBased on the
theory of elasticity and the monotonically increasbehavior observed from the experimental
tests, and the theory of elasticity, a simple béinmodel was proposed. This new model was
shown to compare well with test results from presistudies by other researchers.

Mirmiran and Shahawy [20] developed a novel typeahposite column that consisted of a
RC core cast in a composite FRP shell. Previouselsaassumed a constant lateral strain and
confining pressure throughout the loading histampich was unsuitable for the proposed
composite jackets. Behavior of the proposed colwas studied by two analytical tools: a new
passive confinement model for externally confingd €lumns, and a composite action model
that explicitly evaluated the lateral stiffeningest of the jacket. It was shown that the new
passive confinement model provided significantlyrenaccurate results than the direct use of
Mander’s steel-confined concrete model [7].

Spoelstra and Monti [21] proposed a uniaxial corecreodel that explicitly accounts for the
continuous interaction with the confining devicehigh can be used for concrete confined with
either steel or FRP. The model is suitable to ke&lus conjunction with fiber-type beam column
models for the analysis of FRP-strengthened RCctstres. This model relies on an iterative
procedure through which the actual stress-straiaecaf the FRP-confined concrete is obtained
point by point from a family of stress-strain cusvat constant confinement pressure (i.e.,
Mander’s curves). At each point the confinemenssguee is equal to that induced by the FRP

jacket subjected to the corresponding lateral esipan Through the use of this model, predictive



equations were also derived to determine the uléncampressive strength and strain of FRP-
confined concrete.

Fam and Rizkalla [22] aimed to predict the behawbraxially loaded circular columns
confined by FRP tubesThey proposed a new FRP-confined concrete modeichwis an
extension of the confinement model developed by déaret al. [7] for concrete confined by
steel reinforcement. This model can be used toigirése behavior of prefabricated FRP tubes
totally filled or partially filled with concrete,sawell as concrete wrapped with FRP sheets. A
parametric study was conducted to study the effetthe stiffness of the FRP tubes, axial
loading the FRP tube, and presence of an inner ihslde the concrete core. The model was
based on equilibrium, compatibility, and the bidsength failure criteria of FRP tubes. It was
verified through a comparison of numerical predict and experimental results reported by the
authors and other researchers.

Shao et al. [23] tested 24 FRP-confined concratb specimens in uniaxial compression
under different levels of loading and unloadingthndifferent FRP types, FRP wrap thickness,
and loading patterns. A constitutive model thatudes cyclic rules of loading and unloading,
plastic strains, and stiffness and strength deg¢i@dawas then developed based on a regression
analysis of the tests results. The proposed moded walidated by comparing analytical

predictions with experimental results obtained framindependent test series.

2.2 STRESSRESULTANT-SECTION DEFORMATION RELATIONS

A few models for sectional analysis of FRP-confire@ columns have been developed in
the last decade. For the sectional analysis of ERtfined RC sections, the classical Bernoulli-
Euler theory was adopted under plane assumptiomastassumed that the confining stress was

the largest at the extreme compression fiber, dsecewith the decreasing distance to the neutral
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axis and vanished at the neutral axis locationimilar assumption was employed by many
researchers for the sectional analysis of FRP-utedfRC sections.

Monti et al. [24] used a fiber-section model whidlscretized the cross-section of RC
members confined with FRP into fibers of unconfireeshcrete, confined concrete, steel rebar,
and FRP jacket. This fiber-section model was engdoyo determine (through numerical
integration) the nonlinear moment-curvature resparfsthe plastic hinge at the base of a pier.
The relation between applied force and displacena¢nthe top of the pier was derived by
assuming a plastic hinge length measured direatlgstimated using equation provided by
Priestley et al. [25&nd a linear elastic behavior for the remainingdiporof the pier.

Yuan et al. [26] presented a two-dimensional seelianalysis of RC columns confined with
FRP, in which the bending moment strength was deted through analytical integration of the

stresses corresponding to material constitutiveatsoased for design.

2.3 FE M ODELSOF STRUCTURAL COMPONENTS

The FE method has been widely used as a powedutdceffectively model the behavior of
FRP-confined RC columns.

Mirmiran et al. [27] developed a nonlinear FE modfl® the analysis of FRP-confined
concrete using a non-associative Drucker-Pragestipity model. A parametric analysis routine
was developed inside the ANSYS software [28] tamanattically generate the mesh for various
geometric shapes and material properties. The jagke modeled by linear-elastic membrane
shell elements, and the concrete core was modeglesbliml elements. The results presented in
Mirmiran et al. [27] showed that the Drucker-Pragtasticity can effectively predict the axial

stress-strain response of the FRP confined columns.
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Parvin and Wang [29] modeled large-scale conttel,(unretrofitted) and FRP-wrapped RC
columns under combined axial and cyclic lateraldiogs using the nonlinear FE analysis
software MARCM [30]. The concrete was modeled using three-dimensiomgit-eode solid
brick elements, the steel rebars were modeled @e-tfimensional truss elements, and the
nonlinear behavior of the confined concrete malterias simulated by employing the Mohr-
Coulomb vyield criterion combined with an isotropiardening rule. The proposed FE analysis
model was validated through the comparisons of mizaléy simulated and experimental results
obtained from scaled specimens. The FE model pesposthe above study was developed to
obtain high-resolution simulated response of stmattsystems as a substitute of significantly
more expensive experimental tests of large-scaletstal members and systems.

Malvar et al. [31] developed a numerical model éytinders and prisms confined by
different types of FRP in order to study the efeof blast loading on RC structures. The
numerical analyses were performed using the relsesmétware DYNA3D [32] and closely
reproduced the strength enhancements observed perimental tests for various levels of
confinement.

Varma et al. [33] performed uniaxial cyclic and mtoanic compression tests on concrete
cylinders that were partially and fully wrapped lwiarbon FRP sheets. A constitutive model for
carbon FRP-confined circular RC columns was propasal implemented in the FE research
program FEMIX [34]. The results obtained from theerimental tests were used to calibrate
some of the parameters of this model, and to askeswodel performance. This model allowed
the simulation of RC members by using Timoshenka-dimensional elements. Good agreement
was obtained between numerical simulations andrerpatal results for both monotonic and

cyclic loading tests.
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Karabinis et al. [35] proposed a new Drucker-Prggasticity model for confined concrete
and implemented it into ABAQUS [36], which alreadyntained other suitable material models
for concrete, steel, and FR&teel and concrete were modeled using eight-nolit elements,
whereas the FRP jacket was modeled as quadrild&enaia element with membrane properties.
The FE response predictions were in close agreewitntest results available in literature.

Yu et al. [37] proposed a modified plastic-damageleh within the theoretical framework of
the Concrete Damage Plasticity Model (CDPM) for thedeling of confined concrete. The FE
models used eight-node solid elements for conaatefour-node shell elements for the FRP
jacket in ABAQUS. FE models incorporating the CDRire developed for concrete in a
number of confinement scenarios. Also in this céise,FE response predictions were in close
agreement with test results available in literature

Binici and Mosalam [38] implemented appropriate enal constitutive models in the
framework of fiber-discretized frame elements usaglisplacement-based formulation. This
computational model employed a variable confinemesiation based on a non-uniform
confinement distribution in the compression zone.

As shown by this brief literature review, a sigo#@nt number of previous FE studies
employed refined FE meshes of three-dimensiona siééments using commercially available
and research software. When a proper numerical Imsdesed, FE models can effectively
predict the behavior of the FRP-confined concrelerans. However, the computational cost of
similar structural response analyses is usuallyeextly high, because of the large number of
elements and degrees of freedom involved, and d¢leel mo use three-dimensional constitutive

models for all materials considered in the FE asedy
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3 FINITEELEMENT MODELING
3.1 FINITE ELEMENT FORMULATION

A two-node one-dimensional frame FE able to modRPfonfined RC columns was
developed using a force-based formulation [41],MRh Euler-Bernoulli kinematic assumptions
with small deformations and small displacements,,(linear geometry). A fiber-discretization
was employed to evaluate the cross-section nomlipelaavior [42]. Figure 3.1 shows the local

reference system for a frame FE with the monit@extions discretized into fibers.

- -

Figure 3.1 - Force-based frame element: local eefe system and fiber-discretization of the
monitored cross-sections

Realistic one-dimensional nonlinear constitutivedels were employed to describe the
stress-strain behavior of unconfined, steel-cowfinend FRP-confined concrete, as well as
reinforcing steel. In this study, the element s@d¢ermination was based on the non-iterative
algorithm proposed by Neuenhofer and Filippou [4Bhereas the integrals in the element
formulation are evaluated numerically following auSs-Lobatto integration scheme with a
user-defined number of integration points (i.e.nitared cross-sections). It is noteworthy that
other element state determination algorithms (euwgiterative algorithm proposed by Spacone et
al. [42],[44]) and numerical integration schemeg.(eGauss-Legendre integration) can be also
used in conjunction with the frame FE element deyed in this study.

The force-based formulation for a frame-FE eleniebiised on the following relations [42]
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D(xX) =b(x) [Q :equilibrium (strong form (2.2)
d(x) =f(x)D(x) :section constitutive la (2.2)
g = F[@Q : compatibility (weak form (2.3)

where

D(X) = {N(x) M, () Mz(x)}T = cross-section stress resultants;
Q= {N M, M, M, MZZ}T = element end node forces;
d(x) = {Z(x) X, (X) )(Z(x)}T = section deformations;

q= {A 6,606,808 2Z}T = element end node displacements;

2X 1y 1z Y2y
L
F= j bT (x) [ (x) (b(x) [@(x) = element flexibility matrix;
0

b(x) = force interpolation function matrix;
f(X) = cross-section flexibility matrix;
N(x), M, (x),M, (x)= axial force alongx axis, section bending moment about logahnd z
axis, respectively.
£(x), X, (X), x,(x) = section strain along loca axis, section curvature about logadndz axis,
respectively.

The generalized section forces and deformationstayen in Figure 3.2.

The outstanding features of the proposed frame riude computational efficiency,

accuracy, and ease of use. The computational esfftgi of the proposed frame element derives

from the use of (1) the force-based formulationjohhfor frame elements imposes exactly
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Figure 3.2 - Generalized section forces and defboms

equilibrium and reduces the number of elementsetbéal an appropriate mesh of the FE model
compared to a displacement-based formulation [43];[and (2) the cross-section fiber-
discretization that allows the structural analystuse one-dimensional material constitutive
models only, which are computationally less demagdithan their three-dimensional
counterparts [45],[46]. The accuracy of the proposeme FE element derives from the
capability of the fiber-section models to closetpresent the nonlinear interaction between axial
forces and bending moments at the cross-sectioel, l@and the high fidelity of the uni-
dimensional material constitutive models in desonghthe actual stress-strain relations for the
different materials used in FRP-confined RC coluniiee ease of use of the proposed frame FE
is due to the fact that FE models built by usingésbased frame elements are virtually mesh-
independent, in the sense that the same meshtdiaticn can be used for linear and nonlinear

FE analysis without loss of accuracy.
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3.2 COMPUTATION OF CROSS-SECTION STRESS RESULTANTS

In the proposed FE, the cross-section stress aegsil{axial force and bending moment) are

computed using a fiber-discretization of the cresstion [24], as shown in Figure 3.3. The

concrete fibers are defined through a radial diszagon (defined by parametdRs= internal
radius, R,= external radiusR.= confined radiusn,, = number of steel-confined radial layers,
and n, = number of unconfined radial layers) and an amgdiscretization (defined b =
initial angle, 6,= end angle, anth,= number of angular subdivision) of the cross-sectin
addition, each reinforcing steel rebar correspdndan additional fiber, which is described by
the parameters, = area of the-th steel rebarg, = angle for thei-th steel rebaand R, =
radius at which the-th steel rebar is located (with= 1, 2, ...n,, n, = number of reinforcing

steel bars). The nonlinear stress-strain respofhseach discretization fiber is described by
appropriate one-dimensional nonlinear material taise models.

The cross-section stress resultamgéx) , are computed as follows

Jtotal a—jAj
V|
D) =1M, =13 oAz (2.4)
M) |
gAY,
j=1

whereog; = axial stress at thpth fiber; A = area of thg-th fiber; z = distance between the
center of thej-th fiber and they axis; y, = distance between the center of fhth fiber and the

axis; andj,,, = total number of fibers, given bjn, +n,,) [, .
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reinforcing steel bar

Re

Figure 3.3 - Fiber-discretization of the cross-eect
3.3 MATERIAL CONSTITUTIVE MODELS

3.3.1 Menegotto-Pinto steel model

Numerous researchers have proposed models to tdrdradhe response of reinforcing steel
used in RC structures [47],[48]. In this study, doastitutive behavior of the steel reinforcement
is modeled using the Menegotto-Pinto constitutivedet [49], as extended by Filippou et al. [50]
to account for isotropic strain hardening. TMenegotto-Pinto one-dimensional plasticity model
is a computationally efficient smooth inelastic rabtiypically used for structural steel, which
showed very good agreement with experimental reslitte model states explicitly the current
stress as a function of the current strain, this gomputationally more efficient compared with
other models such as the Ramberg-Osgood modellfbafdition, the Menegotto-Pinto model
canaccommodate modifications to account for local tingkof steel bars in RC members [52],
and can be used for macroscopic modeling of hytstenehavior of structures or substructures
with an appropriate choice of the modeling paransetéis also noteworthy that the Menegotto-
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Pinto model is a physically motivated model of stamal material hysteresis, whose
performance in representing structural physicalalbeh is not undermined by mathematical
features that can lead to non-physical analysidtses

The response of reinforcing steel is defined byftilewing non-linear equation:

J:bW+é¥2%% 2.5)
+&
g:igi (2.6)
£, €
ngii 2.7)

Equation (3.5) represents a smooth curved transftiom an asymptotic straight line with
initial stiffness E; to another asymptotic straight line with to finahgent stiffnesk;, where
b=E /E, denotes the hardening ratio; the effective stemid stress£,o") are functions of
the unload/reload intervaRis a parameter that defines the curvature of taesttion curve
between the two asymptotes; and g, are the coordinates in the strain-stress planehef t
intersection point of the two asymptotes;and o, (initially set to zero) are the coordinates in

the strain-stress plane of the point where thedtaain reversal event took place; anénd o
are the current strain and stress, respectivelg.mbdel is completed by the updating rules for
the history parameters at each strain reversaltelFenexample, the updating rule for the history

parameteR is given by

R=R - A% (2.8)
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where R, is the value of the paramet&during the first loadingp, anda, are experimentally
determined material dependent parametérds the ratio of the maximum plastic strain

max

Eh = maX‘fmax‘fy‘ over the initial yield straig,, .
&

To account for the isotropic cyclic strain hardepifilippou et al. [50] proposed a stress

shift o, in the linear yield asymptote depending on theimarn plastic strain as

T =g, Eﬁgﬂ—m} (2.9)

Oy €0

in which a, and a, are experimentally determined parameteys;is the absolute maximum
total strain at the instant of strain reversal angdis the initial yield stress. The equations that

are needed to update all history dependent parasrfeden load/time step to the next load/time
stepn+1 can be found in [53].

A typical cyclic stress-strain response behavi@higwn in Figure 3.4.

50C .
E=200GPaf, =450 MPa

o
T
1

Stress [M Pa]

| | |
-0.02 0 0.02
Strain [-]

-500

Figure 3.4 - Menegotto-Pinto material constitutwedel for structural
steel: typical cyclic stress-strain response
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3.3.2 Popovics-Saenz unconfined concr ete model

The selected constitutive law for the concrete nmedtés a uniaxial cyclic law with a
monotonic envelope given by the Popovics-Saenz [B#-[56], which is defined by the

following single equation for the compressive sregain response:

o= 1,3 AL (2.10)
1+Alp+BH +CHp°+D @'

wheren=¢l¢e, K=E & /1 K, =¢/¢,K, =f /f , r=KOK-1), E = initial modulus
of elasticity, &, and f, = strain and stress at the compressive peak, cesply; & and f, =

strain and stress at the inflection point on thecdading branch of the monotonic envelope
If 7 <1 (Popovics curveA=B=C=0, D=K-1.

KD _1 p-o.

If n=1 (Saenz curve)A=C+K-2,B=1-2C, C=K >
(K,-1)* K

£

The tension stress-strain response is describedhbysame equations used for the
compression behavior, with the same initial stée@nd appropriate (scaled down) values for
the other parameters.

The cyclic behavior is modeled assuming linear adiog and reloading between the
monotonic envelope and the zero stress line. Tieatibranches are described by:

o=E, le-¢)) (2.11)

where E, is the unloading stiffness arg] is the residual strain (intersection of the unlogd

branch with the strain axis). When unloading oc@i@fre the strength peak, then the linear path

is defined by a stiffness equal to that at zeraistri.e., E, =E_, and the residual strain is
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£,=¢ -0, /E , whereg and g, are the coordinates of the point of unloading fréme

monotonic envelope. When unloading occurs after dinength peak, then the linear branch
connects the point of unloading from the monotoaivelope to the point which is the

intersection between the strain axis and the umgalranch with stiffnesg,. from the strength
peak point with coordinateg and f_. In this casef, =0, /(¢, -¢,), withe, =¢, - /E, and

the unloading/reloading stiffness degrades progrelys When the unloading linear branches
reach the strain axis, the strain unloading coesnon the strain axis (zero stress) until positive
strains are reached (i.e., tension, with resporeggertiing on the specific tension behavior
adopted). Stress paths along the monotonic envedapebe used only once; reloading always
occurs along the linear paths; thus the monotonielepe is reached only when the absolute
value of the largest deformation previously attdige surpassed. A typical cyclic stress-strain
response in compression of the concrete materialememployed in this study is shown in

Figure 3.5.

-0.01 -0.00¢ -0.00¢ -0.00¢ -0.00:2 0

fC =30 MPa

L -35

IStrain[-]I

Figure 3.5 - Hysteretic Popovics-Saenz concretemnaimodel: typical
cyclic stress-strain response in compression
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3.3.3 Mander steel-confined concrete mode

Mander et al. [7] proposed a stress-strain modelsteel-confined concrete subjected to
uniaxial compressive loading, which is based onakial compressive tests of concrete with a
guasi-static strain rate and monotonic loadingy@idal monotonic response of the constitutive

material model compared with the Popovics-Saenodnimted concrete model is shown in

Figure 3.6.
5C T T T T
Mander steel-confined concrete model

40 Popovics-Saenz unconfined concrete model
E3o L i
=
@ 1‘C =30 MPa
&20r E, = 200 GPaf, = 350 MPap_ = 0.8 %

10} .

O 1 1 1
0 0.003 0.006 0.009 0.012 0.015
Strain [-]

Figure 3.6 - Comparison of stress-strain relatiodes monotonic loading of
unconfined and steel-confined concrete

The stress-strain model proposed by Mander et7alis[based on the equations suggested by

Popovics [57], i.e.,

= fo XD (2.12)
r-1+x
where
f..= peak strength of confined concrete
x=-* (2.13)
£
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E,
E.-Ee

(2.14)

£ = longitudinal compressive concrete strain

&,. = compressive strain at confined peak strenfyth

EL =€, [E1+ SEE% - H (2.15)

E.= tangent modulus of elasticity of the concretia,-ﬁgiby5000g/f_C MPe

: f
E...= secant modulus of confined concrete at peakssteggial to—=

cc

f. and & = the unconfined concrete strength and correspgretiain, respectively.

The confined peak strength, is expressed in terms of a constant effective inonf

pressuref, as follows:

f

[ Cc

f.=1. [E2.254D I+ 7.94Ef—'— 29:—'— 1.25} (2.16)

The effective confining pressure is a function loé transverse steel volumetric ratioand

its yield stressf,,, and is given by:

f, =0.50k, Cp, [T, (2.17)
where
_4AA,
& sld,

A= cross-section area of a transverse reinforcimg ba
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s= clear distance between adjacent hoops or spinas t

d.= diameter of the hoop or spiral

k.= confinement effectiveness coefficient, given by

2
(2]
K, :1_—10c (for circular hoopk (2.18)
- 2;1
k, = - ¢ (for circular spiraly (2.19)

P, = ratio of volume of longitudinal reinforcementwolume of concrete core

The ultimate strain is defined as the strain &t firoop/spiral fracture and is calculated from

an energy balance approach.

3.3.4 Spoelstra and Monti FRP-confined concr ete model

Spoelstra and Monti [21] proposed an incremenghttve numerical model (referred to as
SM model hereinafter) for concrete confined with PFRs well as with steel jackets or
conventional transverse reinforcement. The modgdgsed by Pantazopoulou and Mills [58] for

unconfined concrete under uniaxial load was ado@ed extended to model the dilation

behavior of confined concrete:

E.LE-o(e f)

(2.20)
2[Blo(e, 1)

(&)=

where

[ = constant depending on the concrete properties aguitoximated to be a function of

unconfined concrete strength as follow
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= L (2.21)

o(&, f,) = confined concrete stress at axial strain equat &md with lateral confining stress

equal tof,.

For the case of axially loaded concrete columrs sthain in the confining jacket, can be

identified equal t&, . Thus the corresponding confining presstirean be evaluated as:

f, =0.50p, W, (2.22)

where

41,
D

Py =
E, = elastic modulus of the composite material ofjéuket

t, = thickness of the jacket

D = diameter of the jacket

(2.23)

_[E & for max(g)<f,/E,
7TV 0 for max(g )z f,, /E,

The peak strairg,, and confined concrete strengfh were determined using Equation (3.15)
and (3.16), respectively. The Popovics model wadieg to find the stress-strain response of

concrete for eacH, using Equation (3.12) through (3.14). The itemiivcremental procedure is

shown in Figure 3.7.
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v
—’[Set f, = f,, at previous step]

A 4

Calculate f..(f;) for concrete under constant
confinement f; from (3.16)

v

[Calculate current stress 0(f,.) from (3.12)]

v
[Update lateral strain €, (0) from (3.20)}

Y

[Update f, from (3.22)]

Y .
No ﬁﬁ Yes

Figure 3.7 - Iterative procedure for the SM model

3.3.5 Shao, Zhu, and Mirmiran FRP-confined model

Shao et al. [23] developed a constitutive model FBP-confined concrete (referred to as
SZM model hereinafter) including cyclic rules faralling and unloading, plastic strains, and
stiffness/strength degradations. Numerical techesquere employed to eliminate discontinuities
or non-smoothness without reducing the predictepabilities of the model.

The constitutive model of Samaan et al. [17] fomotonic loading was used as the envelope

curve for cyclic loading. The entire stress-sti@n- &) response is defined as:

o=— (EHB)E —tE, 2 (2.24)
ll{(a—sz)@J }

where E and E, = first and second slope of the response, resgdygtigiven by
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E, =39500/f, MPs¢ (2.25)

0.2 Ef I:ﬂf
E, =245 6T1%+ 1.3456-_—  MP (2.26)

f,= the Y-intercept of the second slope, given by

f,=0.872F .+ 0.371f + 6.258 MF (2.27)
where

LE, L&, [
f, = the confining pressure from FRP, calculated, S H

n= the curve shape parameter for the transition,zselected as 1.5.
The ultimate strength of FRP-confined concretavsrmgby
f,=f +6.001° MPa (2.28)

Finally, the ultimate strain of FRP-confined corterean be calculated as

g =tufo (2.29)

The SZM model is completed by appropriate unloadatgading rules for cyclic behavior,

which are described in detail in Shao [86].

Figure 3.8 compares the monotonic stress-straatioes of the SM model and the SZM

model for the same concrete material with the seRIé confinement.
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Figure 3.8 - Stress-strain relation for monotoo&ding of the SM model
and the SZM model

3.4 COMPUTER IMPLEMENTATION

The proposed frame FE for nonlinear FE responsg/sisaof RC columns confined with
externally bonded FRP was implemented in FEDEASLBBEDEASLab contains several
different options for load and time stepping schenas well as for iterative schemes for the
solution of systems of nonlinear equations. By rigkiadvantage of the modularity of
FEDEASLab, the existing element, section and neltébraries were extended (i.e., 6-degrees-
of-freedom force-based RC column element confingtd ®RP, circular fiber-discretized cross-
section with FRP confinement, SM and SZM constreitnodels for FRP-confined concrete) to
enable accurate modeling and response simulatioRMfcolumns confined with externally
bonded FRP. These FE libraries can be easily updaid/or extended to reflect the state-of-the-

art in modeling such structures.
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4 CORRELATION BETWEEN NUMERICAL SIMULATIONSAND
EXPERIMENTAL RESULTS

The proposed FE is validated through a detailedpewison of experimentally recorded and
numerically simulated response results correspgnttira significant number of FRP-retrofitted
circular RC columns with a static scheme correspando a cantilever structure. The FRP-
retrofitted columns considered in this study arbjetted to two different quasi-static loading
conditions that are referred to as (1) concentw@laloading, which corresponds to the
application of a monotonically increasing axial @efiation; and (2) eccentric axial loading,
which corresponds to the application of a monotlhjicncreasing transversal deformation at

the free end of the cantilever under a constaral éo@ad (see Figure 4.1).

P (variable) ’ P (constant)
IAa F ﬁAh

N A /

—_—

(variable)

(a) (b)
Figure 4.1 - Experimental loading conditions:
(a) concentric axial loading, and (b) eccentri@hloading

A careful literature review is completed in ordercbllect the experimental data used in this
study. The selected response experimental data e@mplemented in the original reference
papers, by a description of the column specimeaghtetry and material properties, which was
sufficiently detailed to build the corresponding FRiodel. The description of the selected

experimental column specimens, as well as thearbées from which the data were taken, is

30



provided in Table 1 for the columns subjected tocemtric axial loading and in Table 4 for the
columns subjected to eccentric axi@ading. For the concentric axial loading cases study
considered a set of 41 RC columns, of which nineevgentrol specimens (without FRP retrofit)
and 32 were RC columns confined using externallydea FRP. For the eccentric axial loading
case, this study considered a set of 23 RC columhsyhich six were control specimens
(without FRP retrofit) and 17 were RC columns coefl using externally bonded FRP. All FE
analyses performed in this study are quasi-statidimear analyses based on an incremental

displacement-controlled technique and the NewtopkRan iterative procedure [59].

4.1 FINITEELEMENT MODEL CONVERGENCE STUDY

A convergence analysis study was performed to ahéeran appropriate FE mesh and cross-
section discretization to be used in the comparksetwveen experimental and numerical results.

This convergence analysis study considered theviotlg ranges of modeling parameters: (1)

ne =1, 2, 3 (wheren. denotes the number of FEs); @) = 3, 5, 10 (wheréy, denotes the

number of G-L integration points); (3) = 20, 40; and (4),= 20, 40. The computational cost

of each FE analysis increases proportionally toitleeeasing resolution of the FE mesh and
cross-section discretization. Thus, it is usefdind the FE mesh and cross-section discretization
with smallest resolution for which the FE resporesailts are converged.

The results of the convergence analysis are repdwtee for the column specimen denoted
ST3NT in Sheikh and Yau [60]. The ST3NT specimensgsied of a column with diametdr=
356 mm and a shear span lenfthk 1,470 mm, cast integrally with a 510x760x810 stub.
The layout of the specimen is shown in Figure 4n2l #$he other geometric and material
properties for the specimen are given in Table #itie column was tested under eccentric axial
loading.
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i

760 mm
Figure 4.2 - Layout of the test specimen ST3NT

Figure 4.3 provides the moment-curvature respoesdts computed at the fixed end section
using FE models with different meshes and crosBesediscretizations. The inset of Figure 4.3
shows a zoom view of the moment-curvature curvechvhighlights that response convergence
is practically obtained for the FE model with orte, 5 G-L integration points, 20 radial layers,

and 20 angular subdivisions.

35C . . . T
300+ .
£ 250} .
< 200} 1
5 150| ]
5 150 — 1FE 5G-L 20L 20S
= 100k ---- 1FE 10G-L 20L 20S]
--------- 3FE 5G-L 20L 20S
50H —rmemes 1FE 5G-L 40L 40S|

Experiment

0 1 1 1 1

0 0.02 0.04 0.06 0.08 0.10

Curvature [rad/mm]

Figure 4.3 - Convergence analysis results forésedpecimen ST3NT:
moment-curvature response at the fixed end
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This convergence analysis was repeated for sespegimens with and without FRP retrofit,

subjected to both concentric and eccentric axedlilog. In all cases considered, the FE response
was already practically converged using = 1,n; = 5, n, = 20, andn, = 20. Thus, in the

remainder of this study, for all specimens with stant cross-section properties along their
length, a FE model with a single FE mesh and five @tegration points was adopted. For
specimens with variable cross-section properti@gheportion with constant cross-section
properties was modeled using one FE and five GihtpoAll cross-sections were discretized

using 20 radial layers and 20 angular subdivisions.

4.2 PREDICTION OF ULTIMATE LOAD-CARRYING CAPACITY AND STRAIN AT
PEAK STRENGTH FOR COLUMNS SUBJECTED TO CONCENTRIC AXIAL
L OADING

In this part, the performance of the newly devetbpeame FE is evaluated through a
comparison between the experimentally measuredtl@dumerically predicted axial load-
carrying capacity and strain at peak strength @f ¢blumns included in the experimental
database and subjected to concentric axial loadieg Table 4.1). The geometric properties of
the specimens and mechanical properties of the nnsedrials are taken from the experimental
information provided in the literature [61]-[69].

The considered database contains specimens wittlearange of heightls (from 320 mm to
2000 mm), cross-section diametats(from 150 mm to 508 mm), unconfined compressive

strength of concretd_(from 25.5 MPa to 61.81 MPa), longitudinal steaehfercement area
A =n,[A (from 168 mmMto 3,040 mrf) and yield strengttf, (from 391 MPa to 620 MPa).

The experimental database used in this comparismsiders also a wide variety of FRP

reinforcement configurations, with three materiédarbon FRP, glass FRP and hybrid FRP),
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elastic modulus in the hoop directid , varying in the range from 19.1 GPa to 241 GPd, an
tensile strength in the hoop directidp, , varying in the range from 330 MPa to 3,937 MPa.

Table 4.2 presents the comparison between expeahr@sults and numerical simulations of
the load-carrying capacity and strain at peak gtrefor the reference RC columns (i.e., for the
RC columns without FRP retrofit) subjected to caride axial loading.The accuracy of the
numerical model is investigated by using the ratib the numerically simulated and

experimentally measured load-carrying capadiy; P / P,,, (where Rz and P, /= maximum

Xp
axial load numerically predicted and experimentatigasured, respectively), and strain at peak

strengthS=¢.. /€, (Wheregand £, = axial strain at peak strength numerically prestict

exp
and experimentally measured, respectively). Theegent in terms of load-carrying capacity

between experimental results and numerical sinarlatis excellent, with, =1.05(where (i, =

mean value ofR ) and COV,=0.06 (where COV, = coefficient of variation ofR ). The
agreement in terms of axial strain at peak strebgtiveen experimental results and numerical

simulations is also very good, wiftx, =0.94(where 1i;= mean value ofS) and COV,=0.08
(where COV4= coefficient of variation ofS). These results are consistent with similar result

reported in the existing literature [70]-[72].

Table 4.3 compares the experimentally measurednanterically simulated values of the
load-carrying capacities and strain at peak streoftthe selected FRP-confined RC columns
under concentric axial loading. The numerical simulatiomere performed for both SM and
SZM models.In this case, the statistics of baghand S (i.e., mean, standard deviation,

coefficient of variation, and minimum and maximuaiues) are provided for both models.
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Table 4.1 - Experimental test database for RC cotugsubjected to concentric axial loading:
specimens’ identification, geometry, and materraperties

d L fo | n| A f FRP | t; E fiu

Ref. ID (mm) | (mm) | (MPa) | (-) | (mn?) (MFy>a) Type | (mm) | (GPa)| (MPa)

[61] C01-L0-20 356 | 1524 29.8 6 300 402 CFRP 1 41.2 885
C02-L0-26 356 | 1524 298 6 300 402 CFRP P 41.2 885
00-LS320-3| 356 | 1524| 29.8 6 300 402 - - - -

[62] GO01-L0-9 356 | 1524 29.8 q 300 402 GFRP L 22.6 535
GO02-L0-13 356 | 1524 29.8 6 300 402 GFRP P 22.6 535

C1 508 | 1830 26.2 8 380 45( - - - -

[63] c2 508 | 1830 26.2 8 380 450 GFRP 3 19.1 3380

C3 508 | 1830 26.2 8 380 450 GFRP 3 21.6 383

C4 508 | 1830 26.2 8 380 45( CFRP 3 38.1 580

C10 150 750 37.7 6| 28 400 CFRP 0.167 2010 3371
[64] C15 150 750 37.7 6| 28 400 CFRP 0.167 2010 3371

C19 150 750 37.7 6| 28 400 CFRP 0.167 2010 3371
[65] DB450-C 200 914 25.5 8 78 393 CFRP 0.270 1258689

K1 400 | 2000| 31.8| 1d 113 620 - - -

K2 400 | 2000| 34.3| 1d 113 620 CFRP 0.885 198 2600

[66] K3 400 | 2000| 34.3| 1d 113 620 CFRP 094 480 1100

K4 400 | 2000| 39.3| 1@ 113 620 GFRP 118 600 780
K5 400 | 2000| 39.3| 1d 113 620 GFRP 0J6 60 780
K8 400 | 2000| 34.3| 1d 113 620 HFRP 0.492 120 1100
A5NP2C 303 | 1200 294 (6 201 423 CFRP 0.762 78 1p50
C4ANPOC 303| 1200 31.7 g 201 423 - . - -
C4ANP2C 303 | 1200 31.7 ¢ 201 4283 CFRP 0.f62 /8 1050
[67] CANP4C 303| 1200 31.7 g 201 4283 CFRP 1.524 /8 1050
B4ANP2C 303 | 1200 31.7 6 201 550 CFRP 0.y62 78 1p50
C4MPOC 303 | 1200 50.8 4 201 423 - - - -
CamMP2C 303 | 1200 50.8 4 201 423 CFRP 0.y62 78 1p50
[.LRCC.OL 160 320 25.93 4 113 50( - - - -
[.LRCC.1L 160 320| 25.93 4 113 50( CFRP 1 34 450
[.LRCC.3L 160 320 25.93 4 113 50( CFRP 3 34 450
II.LRCC.0L 160 320 49.449 4 113 50( - - - -

[68] | Il.RCC.1L 160 320 49.449 4 113 50( CFRP 1 34 450
II.LRCC.3L 160 320| 49.46 4 113 504 CFRP K 34 450
lILRCC.OL | 160 320 | 61813 4 113 500 - - - -
.RCC.1L | 160 320 | 61.81 4 113 500 CFRP 1 34 450
ILRCC.3L | 160 320 | 6181 4 113 500 CFRP 3 34 450

C10 150 750 38 6 28 391 CFRP 0.334 226 3339
C30 250 750 35.2 6| 113 458 - - - -
[69] C41 250 750 35.2 6 113 459 CFRP 0.176 241 3937
C34 250 750 35.2 6| 113 458 CFRP 0.352 241 3937
C43 250 750 35.2 6 113 459 CFRP 0.528 241 3937
C4a4 250 750 35.2 6| 113 458 CFRP 0.704 241 3937
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These statistics show that both models provide ged results in terms of load-carrying

capacity, with the SZM modeli,  =0.98and g, =0.08) providing results that are slightly
better than the SM model, =1.06 ando, =0.10). The FE analyses performed using both

material constitutive models overestimate the arpamtally measured strains at peak strength,

with the SM model @ =1.22 and o, =0.29) performing better than the SZM model

(U, =1.64andog  =0.53).

Table 4.2 - Comparison between experimental reanlisnumerical simulations for reference
RC columns subjected to concentric axial loadixgaldoad-carrying capacity and strain at peak

strength
Ref D Maximum axial load (kN) Axial strain at peak strémgmm/m)
& Exp. FE R Exp. FE S
[62] | 00-LS320-3 3130 3709 1.18 2.38 2.36 0.99
[63] C1 6648 6618 0.99 2.6 221 0.85
[66] K1 4685 4705 1.00 2.8 2.8 1.00
[67] C4NPOC 2930 2845 0.97 2.2 2.29 1.04
C4MPOC 3917 4205 1.07 3.1 2.63 0.85
I.RCC.OL 594 624 1.05 3.77 3.87 1.03
[68] | Il.RCC.OL 1171 1210 1.03 3.02 2.53 0.84
[ll.RCC.0L 1267 1341 1.06 2.69 2.53 0.94
[69] C30 1917 2058 1.07 2.7 2.53 0.94
Mean St. Dev. cov Min. Max.
Max. axial load 1.05 0.06 0.06 0.97 1.18
Axial strain at peak strength 0.94 0.08 0.08 0.84 .041

Figure 4.4 and Figure 4.5 graphically reproduce riggults relative to the load-carrying
capacity and strain at peak strength, respectipetyided in Table 4.2 and Table 4.3. These two
figures have the experimental results on the \@régis and the FE results on the horizontal
axis. The dashed line on the main diagonal cormedpoto perfect agreement between
experimental values and numerical simulations,RRe. 1.00 and5= 1.00 for Figure 4.4 and 4.5,

respectively.
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Table 4.3 - Comparison between experimental reaalisnumerical simulations for FRP-
confined RC columns subjected to concentric axiatling: axial load-carrying capacity and
strain at peak strength

Maximum axial load (kN) Axial strain at peak strém@mm/m)
et ° Exp. | SM | Ry | SZM | Ry | Exp. | SM | S, | SzM | Suu
[61] C01-L0-20 | 4370| 5202 119 4911 112 890 19/16 2{1%2.05 2.48
C02-L0-26 | 5903| 6905 1.17 6070 1.03 17.30 25{72  1|429.86 1.73
62] GO01-L0-9 | 3895| 4439  1.14 4570 117 7.39 1083 1467.5A | 2.37
G02-L0-13| 5500 6091 1.11 5784 1.05 12551 21{32 1|7@4.93 1.99
Cc2 7479 | 7114| 0.95 7797 1.04 8.0 7.65 0.87 7.7 308
[63] C3 7884 | 7139 0.91] 802% 1.0 9.50 8.20 0.86 8.0 908
C4 10134/ 8118 0.800 8991 0.89 11.60 23J14 1,99 12.02.04
C10 1438 | 1346 0.94 1256 0.8/ 1.3 1.64 1.26 2p4a 217
[64] C15 1450 1346 0.93 1256 0.87 1.47 1.64 142 2p4 52 1.
C19 1465| 1346 0.920 1256 0.86 1.36 1.64 1.p1 2p4 65 1.
[65] | DB450-C | 1715| 1639  0.96 1568 091 1.49 1.64 0141 1.72 1.16
K2 7460 | 7745| 1.04| 7113 095 111 113 1.02 15{70 41 1.
K3 7490 | 7590| 1.01| 7311 098 4.30 4.25 0.99 8.5 219
[66] K4 7580 | 7777| 1.03] 7510 099 6.90 8.2 1.19 15,00 721
K5 5325 | 5458| 1.02| 5558 1.04 3.80 5.8 1.53 4.80 126
K8 6230 | 6665| 1.07| 6333 102 5.90 6 1.02 8.8 149
A5NP2C 3326| 3360] 1.03 3231 097 6.30 6.75 1.07 8/751.39
C4ANP2C 3704| 3809 1.03 3504 095 7.70 8.25 1/07 010.51.36
[67] | CANP4C 5468| 5675 1.04 486p 0.89 20,80 22 1,06 22.75.09
BANP2C 4182| 4255 1.04 40656 0.97 136 1425 1j05 2516. 1.19
C4AMP2C | 5434| 54220 1.00 4994 092 880 10{7r5 122 7514. 1.67
.LRCC.1L | 1003| 1128 1.120 1129 1.1 15384 15094  1/0418.75 1.22
.LRCC.3L | 1435| 1595 1.11] 1544 1.08 22.98 24125 1/033.44 1.02
[68] IILRCC.1L | 1558 | 1809| 1.16| 1594 1.0 8.36 8.15 1.05 0.62 | 2.47
ILRCC.3L | 2019 | 2561 1.27/ 2049 1.00 13658 15p5 1A25.63 1.89
IILRCC.1L | 1532 | 1709| 1.12] 1586 1.08 3.75 4.53 1.2111.25 3
IILRCC.3L | 1906 | 2164| 1.14| 1892 0.99 6.18 7.81 1.2615.47 2.50
C10 1485| 1670 1.12 1381 0.93 13.10 16/93 1[29 25.73.96
C41 2767| 3065 1.11 2804 1.01 9.10 11473 129 17.60.93
[69] C34 3742 | 4033 1.08 34683 093 1550 17,6 104 24.93.61
C43 3967 | 4515/ 1.14 3700 0.93 16.60 184 141 23.41.41
C44 4828 | 5363 1.11] 4481 0.93 2250 264 147 28.61.27
Mean  St. Dev. cov Min. Max.
Max. axial load (SM model) 1.06 0.10 0.09 0.8 1.27
Axial strain at peak strength (SM model) 1.22 0.20 0.24 0.86 2.15
Max. axial load (SZM model) 0.98 0.08 0.08 0.86 71.1
Axial strain at peak strength (SZM model) 1.64 0.58 0.32 0.83 3
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These results suggest that, for the specimen siaesidered here, the accuracy of the
proposed frame FE in predicting the load-carryiagacity is not affected by scale effects. In
addition, it is observed that the FE models emplagehis study can predict with good accuracy
the strain at peak strength for RC columns that rave confined with FRP, whereas they
overestimate, sometimes even significantly, thairstat peak strength for RC columns confined
with FRP, particularly for larger values of theastis. This observation may be related to possible

size effects.
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Figure 4.4 - Comparison between experimental amaeni¢al results for columns

subjected to concentric axial loading: ultimated@arrying capacity
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Figure 4.5 - Comparison between experimental amaenigal results for the columns
subjected to concentric axial loading: strain atkpstrength
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4.3 PREDICTION OF ULTIMATE LOAD-CARRYING CAPACITY FOR COLUMNS
SUBJECTED TO ECCENTRIC AXIAL L OADING

The performance of the newly developed frame FE alss evaluated through a comparison
between the experimentally measured and the nuafigrigredicted load-carrying capacity of
the columns included in the experimental databaskesabjected to eccentric axial loading (see
Table 4.4). The geometric properties of the specgr@@d mechanical properties of the materials
are taken from experimental information provided tive literature [3],[60],[73]-[76]. The
considered database contains specimens with arangge of heightt (from 1,200 mm to 3,658

mm), cross-section diametedgfrom 270 mm to 610 mm), unconfined compressivensjth of

concrete f. (from 34.45 MPa to 90.1 MPa), longitudinal steeihfercement aread\ (from

1,608 mni to 7,384 mrf) and yield strengtif, (from 303 MPa to 500 MPa), as well as a wide
variety of FRP reinforcement configurations, FRPteral jacket thicknes$; varying in the
range from 0.33 mm to 6.3 mm, elastic modulus & hbop directiorE; varying in the range

from 18.6 GPa to 227 GPa, and FRP tensile streingthe hoop directionf,, varying in the

range from 400 MPa to 3,800 MPa. Since the prop@rsede FE does not model shear failure,
this study considers only specimens with a rafi between the shear span lendthand the
diameterd, larger than 3.0, in order to avoid specimensnfgiln shear. In addition, the selected
experimental database considers only columns strengd via FRP-confinement (i.e., with FRP
fibers oriented orthogonally to the column axiByg, it excludes specimens retrofitted in flexure
or in flexure-confinement (i.e., with FRP fiber @mied not orthogonally to the column axis). It is
noteworthy that the frame FE proposed in this stoaly be easily combined with a frame FE
previously developed by Barbato [77] to model fl@atuetrofit of beam/column components

with externally bonded FRP.
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Table 4.5 presents the comparison between expdahresults and numerical simulations of
the load-carrying capacity for the reference RQuewls (i.e., for the RC columns without FRP
retrofit) subjected to eccentric axial loadifitne accuracy of the numerical model is investigated
by using the ratio of the numerically simulated aperimentally measured load-carrying

capacity,R=F. / F, . The agreement in terms of load-carrying capdustyveen experimental

results and numerical simulations is excellenthwit, =1.02 and COV, =0.04.

Table 4.6 compares the experimentally measurednanterically simulated values of the
load-carrying capacities (in terms of maximum latéoad) for the FRP-confined RC columns
subjected to eccentric axial loading. The numerstaulations were performed using both the
SM and SZM modelsThe statistics oR (i.e., mean, standard deviation, coefficient afatson,
and minimum and maximum values) are provided fahbuodels.These statistics show that

both models provide excellent results in termsaafdtcarrying capacity, wit, =1.04 and

Og,, =0.07 for the SM model, andy, =1.02 and o, =0.06 for the SZM model,

Rs
respectively.

Figure 4.6 graphically reproduces the results inedato the load-carrying capacities for the
column specimens subjected to eccentric axial leduich are provided in Table 4.5 and Table
4.6. The result indicates that, for all sizes af gpecimens considered here, the FE models
employed in this study can predict the load-cagyoapacity for both reference columns and

FRP-confined columns with very good accuracy.
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Table 4.4 - Experimental test database for RC cotusubjected to eccentric axial loading:
specimens’ identification, geometry, and materraperties

Ref ID d Lo fyn ) A b | FRP L BTy
' (mm) | (mm) | (MPa) | (-) | (mn?) | (MPa)| TYPe | (mm) | (GPa)| (MPa)
As-Built 610 | 3658| 34.45 26 284 303 - - - -
[3] #1 610 | 3658 34.45 26 284 308 CFRP 51  1p4 1800
#2 610 | 3658 34.45 26 284 308 CFRP 63 1p4 1800
S-2NT 356 | 1470, 40.1] 6 500  45( - - - -
S-3NT 356 | 1470 39.2| 6 500 450 - - - -
S-4NT 356 | 1470 39.2| 6 500 450 - - - -

[60] ST-2NT 356 | 1470, 40.4| 6 500 450 GFRP| 1.25| 20 400
ST-3NT 356 | 1470 40.4| 6 500 450 CFRP| 1.00| 20 900
ST-4NT 356 | 1470, 44.8/ 6 500 450 CFRP 0|5 15 900
ST-5NT 356 | 1470 40.8| 6 500 450 GFRP| 1.25| 20 400

73] As-Built 305 | 1892| 34.5| 9| 201 358 - - - -
Upgraded | 305| 1892 345 9 201 358 GFRP 48 186 532

A2 400 | 1350/ 30 | 12 201 29 CFRP 0.11 243 4377

74] A3 400 | 1350| 27.5| 12 201 296 CFRP 0.22 243 4277

B2 400 | 1350 30| 12 201 296 CFRP 0.1 243 4277
B3 400 | 1350/ 27.5| 12 201 296 CFRP 0.p2 243 4277
BR-C8 508 | 20000 38| 12 302  40( - - - -
[75] BR-C8-1 508 | 2000 38| 12 302 400 CFRP 36 60 700
BR-C8-2 508 | 2000 38| 12 302 400 CFRP 18 60 700
RC-1 270 | 20000 90.1] 8 201 500 CFRP 06 2R7 3800
(76] RC-2 270 | 20000 752 8 201 500 CFRP 0.33 2p7 3800
RC-3 270 | 20000 49.7| 8 201 500 CFRP 0.33 2p7 3800
RC-4 270 | 12000 75.3] 8 201 500 CFRP 0.33 2p7 3800

Table 4.5 - Comparison between experimental reanlisnumerical simulations for reference
RC columns under eccentric axial loading: latesatl-carrying capacity

Maximum lateral load (kN)
Ref. ID
Exp Model R
[3] As-Built 208 226 1.09
S-2NT 133 136.7 1.03
[60] S-3NT 126 130.6 1.04
S-ANT 135 133.3 0.99
[73] As-Built 64 64.1 1.00
[75] BR-C8 210 208.5 0.99
Mean St. Dev. cov Min. Max.
Max. lateral Ioad| 1.02 0.04 0.04 0.99 1.09
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Table 4.6 - Comparison between experimental reaaltisnumerical simulations for FRP-
confined RC columns subjected to eccentric axiadling: load-carrying capacity

Maximum lateral load (kN)
Ref. ID
Exp. SM Ry SZM Rowm
3] #1 272 297 1.09 290 1.07
#2 310 302 0.97 293 0.95
ST-2NT 203 204.1 1.01 200.7 0.99
[60] ST-3NT 199 210.2 1.06 215 1.08
ST-4NT 185 175.5 0.95 182.3 0.99
ST-5NT 179 176.2 0.98 176.9 0.99
[73] Upgraded 84 87.5 1.04 84.7 1.01
A2 112 115 1.03 113 1.01
[74] A3 102 120 1.18 119 1.17
B2 112 114 1.02 114 1.02
B3 106 117 1.10 119 1.12
[75] BR-C8-1 256 259 1.01 252 0.98
BR-C8-2 263 244.5 0.93 242 0.92
RC-1 101 114 1.13 105 1.04
[76] RC-2 86 95 1.10 90.5 1.05
RC-3 84 85.8 1.02 80.6 0.96
RC-4 153 158 1.03 163 1.07
Mean St. Dev. Ccov Min. Max.
Max. lateral load (SM model) 1.04 0.07 0.06 0.93 181.
Max. lateral load (SZM model) 1.02 0.06 0.06 0.92 A71
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Figure 4.6 - Comparison between experimental amaenigal results for the columns
subjected to eccentric axial loading: maximum ktésrce
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4.4 COMPARISON OF FORCE-DISPLACEMENT RESPONSE

The accuracy of the newly developed frame FE wss i@vestigated through a comparison
between the experimentally measured and the nuatigrpredicted force-displacement response
of the FRP confined circular columns included ie #xperimental database considered in this
study. This section describes in detail the forisgpldcement results corresponding to (1) the
specimens identified as C4NPOC (unconfined spedimed BANP2C (FRP-confined specimen)
in Eid et al. [67], as representative of columnigjscted to concentric axial loading; and (2) the
specimens identified as “as-built” (unconfined spem) and “upgraded” (FRP-confined
specimen) in Saadatmanesh et al. [73], as repeBantf columns subjected to eccentric axial
loading. The results corresponding to the othecigpens considered in this study are shown in
Appendix A.

Figure 4.7 plots the axial force-displacement respdor the unretrofitted column (C4NPOC)
and the FRP-confined column (B4NP2C) subjectedaiocentric axial load. The thick lines
correspond to the results for the CANPOC specimdmereas the thin lines correspond to the
results for the B4NP2C specimen. For the unretedfitcolumn, the agreement between
numerical simulations and experimental recordsxisekent up to the peak strength and very
good in the softening branch of the response, wtier&E results slightly overestimate the post-
peak residual strength of the column. These resuéisconsistent with the results reported in
Mander et al. [70]. For the FRP-confined columre 8®M model provided results that are in
excellent agreement with the experimental dateeims of initial stiffness, force at the yield
point, post-yielding stiffness, peak strength, atidplacement at the peak strength of the
specimen. The SZM model appeared to (1) slightlgenestimate the initial stiffness and the

force at the yield point, (2) accurately capture gost-yielding stiffness and the peak strength,
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and (3) overestimate the displacement at the peakgih of the FRP-confined specimen. Both
models did not capture the experimentally recorddeldavior of the specimens after the peak
strength is achieved. This disagreement betweearemental and numerical results may be due
to the fact that, in the FE models, the FRP confieet fails along the entire length of the

column during a single load step; whereas, in tEeemental test, the FRP confinement may
have failed locally at different locations for @ifent values of the imposed axial displacement.
Similar results were obtained also for the othePHRnfined columns subjected to concentric
axial load and considered in this study. Theselt®suggest that, in general, the SM model can
capture very well the initial stiffness of the sipeens, but tends to slightly overestimate their
peak strength and strain at peak strength; wheneaSZM can capture very well the specimens’
peak strength, but tends to overestimate the satapeak strength and underestimate the initial

stiffness of the column specimens.
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Figure 4.7 - Comparison between experimental amaeni¢al results for columns
subjected to concentric axial loading: axial fodisplacement response

Figure 4.8 plots the lateral force-displacemenpoese for the reference column (“as-built”)

and the FRP-confined column (“upgraded”) subjettedoncentric axial load. In this figure, the
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thick lines correspond to the results for the “agdtb specimen, whereas the thin lines
correspond to the results for the “upgraded” speainin this case, the agreement between
numerical simulations and experimental recordxcekent for the reference column, and very
good for the FRP-confined column considering bboi $M and SZM models. The SM model
slightly overestimated the lateral force after giey and the peak strength, whereas the SZM

model slightly underestimated the stiffness of Hpecimen after the initial cracking of the

concrete.
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Figure 4.8 - Comparison between experimental amaenigal results for columns

subjected to eccentric axial loading: lateral fedegplacement response

The results presented in this section of the sty that the proposed frame FE is able to
accurately predict the nonlinear force-displacentresponse of FRP-confined columns under
different loading conditions. This accuracy is aced at a low computational cost, by using a

very small number of FEs (only one in this casefliszretize the structural components under

study.
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5 NONLINEAR FE MODEL FOR RC COLUMNS CONFINED BY BOTH
LATERAL STEEL AND EXTERNAL FRP

5.1 INTRODUCTION

According to the structural design standards fordRGctures established by the building and
design codes [78],[79], the amount of longitudiaatl transverse reinforcement in RC columns
must satisfy minimum requirements in terms of fil@uand shear strength. As a result, RC
columns that need to be retrofitted with FRP platesets also contain transverse steel. Thus,
most of the confined concrete in these retrofitR@ columns need is subjected to two
simultaneous actions of confinement: the action wugansversal steel reinforcement and the
action due to FRP.

The majority of (both design-oriented and analysiented) stress-strain models for concrete
confined with FRP available in existing literatyfiel],[16]-[23] considered only separately the
confinement actions due to transversal steel anB, kR., they did not take account for the
influence of the existing transversal steel reioéonent on the mechanical behavior of the
concrete confined through externally-bonded FREeplaheets.

Kawashima et al. [74] proposed two different stigtsain models; a first model for concrete
confined with carbon FRP only, and a second mooelcbncrete confined simultaneously by
carbon FRP and transversal steel ties. They usegrassion analysis based on the experimental
results obtained through two-phase loading testRGrspecimens with circular and rectangular
sections to calibrate the parameters defining W proposed stress-strain confined concrete
models.

Li et al. [80] developed a combined theoretical axgberimental constitutive model for
carbon FRP-confined concrete columns. The peahkgitieof the confined concrete was derived

from the Mohr-Columb failure criterion, and theastr at the peak strength was obtained from
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the regression analysis of experimental resulte.Mbdel was modified for concrete confined by
both steel reinforcement and carbon FRP. In theifleddmodel, thestrength of the confined
concrete was obtained as the sum of the unconftoedrete strength and the increments of
strength due to the confinement of carbon FRP el eeinforcement considered independently.
The strength increment due to the lateral confimen@oduced by the carbon FRP was
computed from the model proposed in [80]. The gfiterincrement due to the lateral steel
reinforcement was calculated using the Mander’s eh¢d]. This confined concrete modified
model was verified by comparisons with experimetgsats, and proved to be more accurate than
the Kawashima’s model [74].

llki et al. [81] also proposed empirical equatioft® the compressive strength and
corresponding axial deformation of FRP jacketeduwwis considering the effects of internal
transverse and longitudinal steel reinforcemente €huation for compressive strength of the
confined concrete was obtained based on experitneotk that was carried out on nearly full
size specimens [82] he corresponding axial strain was estimated utiegequation proposed
by Mander et al. [7]. An extensive database congsbf 448 specimens was compiled to
evaluate the performance of the proposed mdded.proposed model predicted the compressive
strength and corresponding axial strains with ageable accuracy.

Pellegrino and Modena [83] considered internal Istemforcement configuration had an
important influence on concrete packing patterfiadtire, and thus, on the efficiency of FRP
confinement.They proposed an analytical model to predict thength and ductility of RC
columns. This model provides a complete stressastiarve for FRP-confined concrete, which
takes into account the interaction mechanisms legtvigternal steel reinforcement and external

FRP wrapping. Their new model was found to be naairate than existing models.
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5.2 NEwWLY PROPOSED MATERIAL CONSTITUTIVE MODEL FOR CONCRETE
CONFINED SMULTANEOUSLY BY STEEL AND FRP

The constitutive material model proposed by Spweland Monti [21] (SM model) was
extended in this study to consider the simultanesmuginement actions on the concrete due to
transverse steel reinforcement (which is appliedrirally and used to provide additional shear
strength to the RC member) and FRP sheets/plateshvare externally bonded and used to
provide confinement to the RC member). The origiB8d model is based on an iterative
numerical procedure (see Figure 3.7) and is s@tibinodel concrete confined separately with
externally-bonded FRP, as well as with steel jaxketconventional transverse reinforcement.

The newly proposed material constitutive model gnefd to as modified SM model
hereinafter) evaluates the lateral confinementguesas the sum of the confinement pressure
due to the externally-bonded FRP and internal renssl steel reinforcement, with an approach
similar to some of the previous studies [74],[881]

The total confinement pressure for the Modified Bddel is calculated as follows

1 1
f :E[ke Lo, wst"'EEbf E, L& (5.1)

The first term in the right hand side of Equati®nl] represents the confinement action due to

the transversal reinforcement steel, whége= confinement effectiveness coefficient (the

equations for which can be found in Mander etd), [0, = transversal steel reinforcement ratio

defined as

_ADA
== (5.2)

48



where A, = cross-section area of a transversal reinforcitigup/spiral, s = clear distance

between adjacent hoops or spiral turns, dreddiameter of the confined concrete core, and
= the strength of the transversal reinforcing gpifspiral, which is given by
E.& for  max(g)<e,

o,=q f, for & <smax(g)<e, (5.3)
0 for max(g)=ze,

where E, = elastic modulus of the transversal reinforcirggbstirrup/spiral,f,, = yield strength
of the transversal reinforcing stirrup/spiral= updated lateral straig, = yield strain of the

transversal reinforcing steel stirrup/spiral, afgE rupture strain of the transversal reinforcing

steel stirrup/spiral.
The second term in the right hand side of Equattoh) represents the confinement action

due to the externally-bonded FRP, where= FRP volume ratio defined as

41,
D

Pi = (5.4)

wheret, = thickness of the jackeD = diameter of the FRP jacket/sheet, &hd= elastic

modulus of the FRP; and

- ={Ef & for max(g)<f,/E, (5.5)

0 for max(g)=f,/E,

where f,, = ultimate strength of the FRP material.

The confining pressure for concrete confined siemdbusly by steel and FRP is shown in

Figure 5.1 as a function of the radial strain.

49



fi A

f}.FRP

R fl ,steel

>
£ g

su

Figure 5.1 - Confine scheme for columns confineautianeously
by steel and FRP
The calculation of the stress-strain relation isfgrened using the same iterative process
described in Figure 3.7, with the only modificatibeing the evaluation of the confinement
pressure using Equation (5.1) instead of Equati®22). Typical monotonic stress-strain

response curves for the SM model and the modifiddr®del are compared in Figure 5.2.
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Figure 5.2 - Comparison of stress-strain relatfonshe SM and Modified SM
model under monotonic loading
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5.3 PREDICTION OF ULTIMATE LOAD-CARRYING CAPACITY AND STRAIN AT
PEAK STRENGTH FOR COLUMNS SUBJECTED TO CONCENTRIC AXIAL
L OADING USING THE M ODIFIED SM M ODEL FOR CORE CONCRETE

The performance of the newly developed frame FH useconjunction with the Modified
SM model was evaluated through a comparison betweem®xperimentally measured and the
numerically predicted load-carrying capacity armdistat peak strength of the columns subjected
to concentric axial loading and included in the exxpental database selected for this study,
[63]-[69]. In addition to the parameters given iable 4.1, Table 5.1 provides the geometric
properties of the specimens and mechanical pregedi the materials that are needed to

completely define the FE model using the modified Bodel for the core concrete of the

specimens. The elastic modulus of the transvetsal E,, and rupture strain of the transversal

steele,, are assumed to be the same in all the testsvadties 200 GPa and 0.1, respectively.

Table 5.2 shows the experimental values and nualesiculations of the load-carrying
capacity and strain at peak strength of the RCneotuunder concentric axial loading. The
modified SM model was employed to model the fib&rgore concrete, which are confined by
both lateral steel and FRP. Both the SM and SZMletsoowere used to simulate the fibers of
concrete cover, which are confined by FRP only. $taistics of botlR and S (i.e., mean,
standard deviation, coefficient of variation, anchimum and maximum values) are provided for
both models options, i.e., (1) core concrete matlelng the modified SM model and cover
concrete modeled using the SM model, and (2) conerete modeled using the modified SM
model and cover concrete modeled using the SZM mbdaddition to the results for these two
new sets of models, Table 5.2 also provides inmiheses the mean and standard deviations for
the FE models used in the previous section anceoggy the simultaneous confining action of

FRP and transverse steel.
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Table 5.1 - Experimental test database for FPRigedfRC column subjected to concentric
axial loading: specimens’ identification, geometigd material properties

Ref. ID d L c | A | s fu | k | & | o | FRP
(mm) | (mm) | (MM) | (mp?) | (MM) | (MPa)| () | (%) | (%) | Type
c2 508 | 1830 30| 71| 700 450 0049 0.491 2/36 GERP
63| c3 508 | 1830] 30| 71| 700 450 0049 0.491 2[36 GFRP
ca 508 | 1830 30| 71| 70d 450 0049 0.491 236 CFRP
C10 150 | 750| 15| 7| 10| 400 0927 2.333 0445 CERP
641 ci5 150 | 750| 15| 7| 15| 400 0887 1.556 0445 CERP
C19 150 | 750| 15| 7 5| 400 0967 4.667 0445 CRRP
[65] | DB450-C | 200| 914| 20| 28| 50 517 0726 1la 0l54 RERF
K2 400 | 2000] 15| 50| 14d 560 0663 0386 0585 CHRP
K3 400 | 2000] 15| 50| 14d 560 0663 0386 004 CERP
66] | Ka 400 | 2000] 15| 50| 14d 560 0663 0386 18 GHRP
K5 400 | 2000] 15| 50| 14d 560 0663 0386 06 GHRP
K8 400 | 2000] 15| 50| 140 560 0663 0386 0492 HERP
ASNP2C | 303| 1200 25| 71| 150 602 0503 0.748 1006 RCFR
CanP2C | 303| 1200 25| 104 100 456 0654 1.681 1|006RFCF
671 "canpac | 303| 1200 25| 104 100 456 0.454 1.681 2|012RRCF
BANP2C | 303| 1204 25| 100 100 456 0.654 1581 1]006RFOF
CamP2C | 303| 1200 25| 100 100 456 0.654 15681 1J006RFCF
IRCC.IL | 160 | 320| 18| 50| 14d 234 0104 11452 45 CERP
IRCC3L | 160 | 320| 18| 50| 144 234 0164 1.152 75 CERP
o) | IRCCAL | 160 | 320| 18] 50| 14q 238 o1p4 1d52 25 BER
IIRCC3L | 160 | 320| 18| 50| 14d 239§ 0194 1152 75 RFRR
IRCC.IL | 160 | 320| 18| 50| 140 239 0194 1152 25 Rer
ILRCC3L| 160 | 320| 18| 50| 140 239 0194 1452 7,5 Rer
C10 150 | 750| 20| 7| 100 324 03 0255 0891 CHRP
ca1 250 | 750| 20| 28| 150 391 0419 0456 0082 CERP
69] | caa 250 | 750| 20| 28| 150 391 0419 0456 0563 CERP
Cca3 250 | 750| 20| 28| 150 391 0419 0456 0545 CERP
caa 250 | 750| 20| 28| 150 391 0419 0456 1.126 CERP

It is observed that the results in terms of the imarn axial load capacity obtained using the
modified SM model for the core concrete in conjiort with the SZM model for the cover

concrete {4, =1.06andCOV,_=0.07) are slightly more accurate than the resultsinbth
using the SM model for the cover concrete, with =1.11andCOV, = 0.06. Both models

provide very good estimates of the strain at paedngth, with the SM model that performs
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slightly better givings, =1.04and COVg = 0.19, while the SZM models givegs =1.08
and COVg =0.23 Compared with the simulation results obtained withdaking into

consideration the simultaneous confinement of wrarsal steel reinforcement and FRP, the
results of the FE analyses performed using the fieddiSM model and accounting for the
simultaneous confinement action of FRP and steethe core concrete are similar to the FE
results obtained by negelecting the simultaneoudircament action in terms of load-carrying
capacity, whereas they present a significant imgmoent in terms of strain at peak strength when
compared with the original models that are neghgcthe simultaneous confinement actions of
FRP and steel.

Figure 5.3 and Figure 5.4 graphically reproduce riggults relative to the load-carrying
capacity and strain at peak strength, respectipetyided in Table 5.2. The two figures have the
experimental results on the vertical axis and tRer&ésults on the horizontal axifhe dashed
line on the main diagonal corresponds to 100% peragreement between experimental values
and numerical simulations for the two figures. Thessults suggest that the FE models with the
Modified SM model employed in this study can prédiéth very good accuracy the load-

carrying capacity and axial strain at peak strefgtl-RP-confined RC columns.

5.4 PREDICTION OF ULTIMATE LOAD-CARRYING CAPACITY FOR COLUMNS
SUBJECTED TO ECCENTRIC AXIAL LOADING WITH THE MODIFIED SM
M ODEL FOR CORE CONCRETE

The performance of the newly developed frame FH wie Modified SM model was also
assessed through a comparison between the expéallyemeasured and the numerically
predicted load-carrying capacity of the columngjectied to eccentric axial loading and included

in the experimental database selected for thisydRi([60],[73]-[76].
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Table 5.2 - Comparison between experimental reaultisnumerical simulation with the
Modified SM model of load-carrying capacity of RGlumn specimens subjected to concentric

axial loading
Maximum axial load (kN) Axial strain at peak strédmgmm/m)
et ° Exp. | SM | Ry | SZM | Ry | Exp. | SM | Sy | SZM | Sy,
Cc2 7479 | 7894 1.06| 7668 1.08 8.8 8.14 0.93 7.86 .89
[63] C3 7884 | 8359 1.06] 7979 1.01 9.5 7.39 0.78 6.94 0.73
C4 10134| 9945/ 0.98 9837 0.9¢ 1116 10{1 0/87 10.1 87 Q.
C10 1438 | 1458 1.01) 1399 0.9f 1.3 1.55 1,19 187 414
[64] C15 1450 | 1411 0.97/ 1337 0.9p 1.47 1.85 105 176 20 1.
C19 1465| 1586/ 1.08 1568 1.0f .36 1.55 1j14 2/15 58 1.
[65] | DB450-C | 1715 1799] 1.0 1798 1.0 1.49 1.63 91]0 1.83 1.23
K2 7460 | 8148| 1.09| 7861 1.0% 1. 9.4 0.89 9.3 0({84
K3 7490 | 7687| 1.03| 7331 0.98 4.3 4.50 1.05 4.35 101
[66] K4 7580 | 8716| 1.15| 8511 1.12 6.4 7.3b 1.07 7.65 111
K5 5325 | 6325| 1.23| 6334 1.24 3.8 4.5 1.18 54 1/09
K8 6230 | 7091| 1.14| 7017 1.13 5.4 4.5 0.Y6 4.8 0/81
A5NP2C 3326| 3651 1.09 3542 1.0p 6.3 6.25 0/99 6.29.99
C4NP2C 3704 4092 1.10 395 1.7 7.7 8 1,04 3 1.04
[67] C4NP4C 5468| 5870  1.07 5600 1.02 20.8 1975 095 7519. 0.95
B4ANP2C 4182| 4823 1.1 467D 1.1 13l6 14 1]03 14 310
C4MP2C | 5434| 5811 1.07 558f 1.03 8.8 5.5 0/63 55 63 Q.
LRCC.1L | 1003| 1245 1.24 1197 1.19 1584 19.37 1|288.75 | 1.22
LRCC.3L | 1435| 1662 1.16 1649 1.15 22.88 25p21.12 25 1.09
[68] IILRCC.1L | 1558 | 1845 1.18 1630 1.0b 8.36 7.5 0.00 507. 0.90
ILRCC.3L | 2019 | 2528| 1.25| 2153 1.0f 13.58 10.63 0{780.63 | 0.78
LRCC.1L | 1532 | 1682 1.10, 1581 1.08 3.76 4.37 1.074.31 1.15
IILRCC.3L | 1906 | 2188| 1.15| 2069 1.09 6.18 6.41 1.048.28 1.34
C10 1485| 1699 1.14 1508 1.00 13.10 1786 1|36  18.9B.45
C41 2767 | 3219 1.16/ 3078 1.1f 9.10 1387 1{52 14.13.55
[69] C34 3742 | 4210 1.13] 3932 1.06 1550 20.6 1|31 20.26.31
C43 3967 | 4411 1.11] 4231 1.0f 16.60 18 1/08 19.3316 1.
C44 4828 | 4926| 1.02] 4720 098 2250 20/4 0/91 22 809
Mean St. Dev. cov Min. Max.
Max. axial load (SM model) 1.11(1.06) 0.07 (0.10) 0.06 0.97 1.25
Axial strain at peak strength (SM model) 1.04 (1.220.20 (0.29) 0.19 0.63 1.52
Max. axial load (SZM model) 1.06 (0.98) 0.07 (0.08) 0.07 0.92 1.24
Axial strain at peak strength (SZM model) 1.08 4.6 0.25 (0.53) 0.23 0.63 1.58
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Figure 5.3 - Comparison between experimental resultl FE simulations for columns
subjected to concentric axial loading and modekdgithe modified SM model for
the core concrete: ultimate load-carrying capacity
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Figure 5.4 - Comparison between experimental resuitl FE simulations for columns
subjected to concentric axial loading and modekdgithe modified SM model for
the core concrete: stain at peak strength
In addition to the parameters given in Table 4ahld@ 5.3 provides the geometric properties

of the specimens and mechanical properties of tiennals that are needed to completely define

the FE model using the Modified SM model for theecooncrete of the specimens.
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Table 5.3 - Experimental test database for FRPHtedfRC column subjected to eccentric axial
loading: specimens’ identification, geometry, anatenial properties

Ref. D d L c A, s f, Ke Ps Pr | FRP
(mm) | (mm) | (mm) | (mn?) | (MM) | (MPa)| () | (%) | (%) | Type
3] #1 610 | 3658 19 32 127 303 0.783 0.176 3.344 CFRP
#2 610 | 3658 19 32 127 303 0.793 0.176 4.131 CFRP
ST-2NT 356 | 1470 20 71 304 45( 0.27 0{3 1404 GFRP
[60] ST-3NT 356 | 1470 20 71 300 45( 0.2f7 0{3 1.124 CKkFRP
ST-4NT 356 | 1470, 20 71 30( 450 0.2f7 0}]3 0.562 CKRP
ST-5NT 356 | 1470 20 71 304 45( 0.2f7 0{3 1404 GKFRP
[73] | Upgraded 305| 1892 20 51 450 301 0.023 0.0729% GFRP
A2 400 | 1350f 35 28 150 296 0599 0.226 011 CKRP
[74] A3 400 | 1350 35 28 150 29 0.599 0.226 022 CHRP
B2 400 | 1350 35 28 300 294 0.298 0.113 011 CKRP
B3 400 | 1350 35 28 300 294 0.298 0.113 022 CKERP
BR-C8-1 508 | 2000 49 100 300 400 0.405 0.325 2/835REC
[79] BR-C8-2 508 | 2000 49 100 300 400 0.405 0.325 1M41FRE

Table 5.4 compares the experimentally measurednanakerically simulated results of the
load-carrying capacities (in terms of maximum lakdoad) of the RC columns subjected to
eccentric axial loading. The numerical simulatiosrese performed using the modified SM model
for the fibers of core concrete, which are confifgdboth transversal steel reinforcement and
FRP, and both the SM and SZM models for the fileérsover concrete, which are confined by
FRP only. The agreement in terms of load-carryiagacity between experimental results and

numerical simulations is excellent, with, =1.02and o, =0.07 for the FE models using the
SM model for the cover concrete, apd =1.03and o, =0.06 for the FE model using the

SZM model for the cover concrete, respectively. SEheesults are very similar to the ones
obtained using the SM and SZM models also for tbee @oncrete, i.e., by neglecting the

simultaneous confinement actions of FRP and traral/steel on the core concrete.
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Table 5.4 - Comparison between experimental reanlisnumerical simulations for FRP-
confined RC columns subjected to eccentric axadliog and modeled using the modified SM
model: load-carrying capacity

Maximum lateral load (kN)
Ref. ID
Exp. SM Ry SZM Row
3] #1 272 305 1.12 302 1.11
#2 310 307 0.99 304 0.98
ST-2NT 203 207 1.02 207 1.02
[60] ST-3NT 199 201 1.01 204 1.03
ST-ANT 185 184 0.99 181 0.98
ST-5NT 179 185 1.03 189 1.06
[73] Upgraded 84 87.6 1.04 86.1 1.02
A2 112 108 0.96 113 1.01
[74] A3 102 118 1.16 116 1.14
B2 112 108 0.96 113 1.01
B3 106 116 1.09 119 1.12
[75] BR-C8-1 256 255 1.00 256 1.00
BR-C8-2 263 246 0.94 245 0.93
Mean St. Dev. cov Min. Max.
Max. lateral load (SM model) 1.02 (2.04) 0.07 (9.07 0.06 0.94 1.16
Max. lateral load (SZM model) 1.03 (1.02) 0.06 .0 0.06 0.93 1.14

Figure 5.5 graphically reproduces the results ingdaio the load-carrying capacities for the
column specimens subjected to eccentric axial laduich are provided in Table 5.4. The result
indicates that the FE simulations with the Modifist1 model can predict the load-carrying
capacity for FRP-confined columns subjected to mitaeaxial loading with very good accuracy.
The material constitutive model used to descrilgernttechanical behavior of the cover concrete
has only a minor effect on the numerical estimatdbe load-carrying capacity. The comparison
with the previous simulation results (which werdamted without taking into consideration the
simultaneous confinement of transversal steel oeteiment and FRP) show that the interaction
between the confinement actions of transversal stggorcement and externally-bonded FRP
has only a minor effect on the estimates of the-carying capacity of RC columns subjected

to eccentric axial loading, at least for the ledetonstant axial loading considered in this study.
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Figure 5.5 - Comparison between experimental resuitl FE simulations for columns
subjected to eccentric axial loading and modele&dgufie modified SM model for the
core concrete: maximum lateral force

5.5 FORCE-DISPLACEMENT RESPONSE OF FE M ODELSWITH THE MODIFIED SM
M ODEL FOR CORE CONCRETE

This section describes in detail the force-displaeet results corresponding to (1) the
specimen identified as C2 in Pessiki et al. [63],aarepresentative of columns subjected to
concentric axial loading; and (2) the specimentified as ST2NT in Sheikh and Yau [60], as a
representative of columns subjected to eccentiad dbading.

Figure 5.6 plots the axial force-displacement respdor column C2 subjected to concentric
axial load. The dotted line corresponds to the expmntal result, the thin lines correspond to the
FE results obtained ignoring the confining effelclateral steel reinforcement, and the thick lines
correspond to the FE results with the modified Shtiei for the core concrete. It was observed
that the FE models built with the modified SM moftielthe core concrete and both the SM and
SZM models for the cover concrete can estimate aeourately the axial force-displacement
response of RC columns subjected to concentrid kxdding.

Figure 5.7 plots the lateral moment-curvature raspdor the column ST2NT subjected to

eccentric axial load. The dotted line corresporalshe experimental result, the thin lines
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correspond to the FE results obtained ignoringctivdining effect of lateral steel reinforcement,
and the thick lines correspond to the FE resuliagughe modified SM model for the core
concrete. It was observed that the agreement betwemerical simulations and experimental

records is excellent for both the SM and SZM modeded for the cover concrete and the

modified SM model for the core concrete.
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Figure 5.6 - Comparison between experimental amaenigal results for columns subjected to
concentric axial loading and modeled using the fediiSM model for the core concrete:
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6 CONCLUSION AND RECOMMENDATIONS FOR FUTURE WORK

The research presented in this thesis focus omthdeling of RC columns confined with
externally-bonded FRP plates/sheets. A new efficleeme FE which is able to accurately
simulate the nonlinear response of circular RC molsi confined using external FRP
plates/sheets, is proposed.

This new frame FE employs a force-based formulatfocircular cross-section using fiber
discretization is developed to represent the cdeccever, concrete core, and steel rebars.
Advanced response-only mechanic-based material titdhvee models are adopted and
implemented in FEDEASLab to describe the nonlirstaass-strain behavior of steel, unconfined
concrete, steel-confined concrete, and FRP-confioedrete.

The frame FE is used to predict the ultimate loadyeng capacity of columns subjected to
concentric axial load (i.e., variable axial defotima) and eccentric axial load (i.e., constant
axial load and variable transversal deformatidiije study presented in this thesis provides an
extensive comparison of numerical simulations axgegmental results based on data that are
available in the literature. The agreement betweamerical simulations and experimental
measurements is excellent in terms of peak strefiogtRRP-confined RC columns subjected to
concentric and eccentric axial loading, and vergdgim terms of strain at peak strength for FRP-
confined RC columns subjected to concentric axiatling.

The SM model is extended into the modified SM modebrder to directly model the
simultaneous confinement effects due to lateral seanforcement and FRP in conjunction with
the newly developed frame FE. The same databasesngsloyed to verify the accuracy of FE
models built using the modified SM model to deseribe behavior of the core concrete. When

compared with the FE results obtained neglectirgy dlmultaneous confinement actions of
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transversal steel and FRP, the FE simulation esldtained using the modified SM model for

the concrete core are found (1) more accurate rmsteof strain at peak strength for FRP-

confined RC columns subjected to concentric axiatling; and (2) as accurate in terms of load-
carrying capacity for FRP-confined RC columns sciigié to both concentric and eccentric axial
loading.

The outstanding features of this frame FE areiitglicity, computational efficiency, and
accuracy in predicting the structural behavior iofudar columns confined with FRP even when
a very coarse FE discretization is used to modéiuectural component. For the FE mesh used in
this study, a nonlinear FE analysis can be perfdrineless than two minutes on a common
personal computer.

Based on the research work performed and preseimtethis thesis, the following
recommendations for future research are made.

(1) The material constitutive models considered in ghigly were used in conjunction with the
newly developed frame FE to study the nonlineapaase behavior of FRP-confined
square/rectangular RC columns using the relatioogigeed in [21],[23] to account for shape
effects. However, the comparison between experiatignmheasured and FE simulated results
is not satisfactory (see Appendix B). Additionatearch is needed to extend the newly
proposed frame FE and the considered material itaingg models in order to obtain
accurate nonlinear response predictions for FRMremh RC columns with
square/rectangular cross-sections.

(2) The newly developed frame FE provides a very udehll for structural reliability analysis
of FRP-retrofitted RC structures, and can be useninprove the calibration of the partial

resistance factors that are needed for design.
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APPENDIX A : COMPARISON OF EXPERIMENTAL AND
NUMERICAL RESPONSES FOR THE CONSIDERED DATABASE

This appendix provides the comparison between @xpetally recorded and numerically
simulated force-displacement responses of the eefer (unconfined) and FRP-confined RC
columns. Figure A.1 to A.15 plot the comparisonshef experimental and FE simulated force-

displacement responses of the RC columns subjéztezhcentric axial loading.
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Figure A.1 - Comparison between experimental amdearical result for unconfined
RC column subjected to concentric axial loadin{pi2]: force-displacement response
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Figure A.14 - Comparison between experimental amderical results for FRP-confined RC columns
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Figure A.16 to A.23 show the comparisons of theeexpental and FE simulated force-

displacement responses of the RC columns subjéztectentric axial loading.
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Figure A.16 - Comparison between experimental amderical result for RC column
subjected to eccentric axial loading in [3]: latdcace-displacement response
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APPENDIX B : EXTENSION OF THE FRAME FE TO FRP-CONFINED
RC COLUMNSWITH RECTANGULAR SECTION

This appendix provides the comparison between @xpetally recorded and numerically
simulated force-displacement responses of seve@P-¢onfined RC columns with

square/rectangular cross-sections by using the rimlatsonstitutive models discussed in the

previous chapters of this thesis.
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Figure B.1 - Comparison between experimental amdamnical result for FRP-
confined RC square column subjected to concential bbading in [84]:
force-displacement response
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Figure B.2 - Comparison between experimental amdamnical result for reference
RC square column subjected to concentric axialitmpih [85]: force-
displacement response
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APPENDIX C : FEDEASLAB CODE FOR CIRCULAR SECTIONAL
ANALYSIS

functionvarargout = Sect19 (action,Sec_no,ndm,SecData)Stat

% SECT19 2D response of RC circular section witbgration over area
% varargout = Sect19 (action,Sec_no,ndm,SecData)Sta

%

% varargout : variable return argument list

% varargout = SecData for action 'chec'

% varargout = State for action 'init' with fieldsks and Pres

% varargout = State for action 'stif* with updafietts s, ks and Pres

% varargout = State for action ‘forc' with updafietd s and Pres

% varargout = [s Post] for action 'post'

% where ks = current section stiffness

% S = current section &rc

% Pres = data structure withrent values of section history variables
% Post = data structure witttiee post-processing information
% action : switch with following possible values

% ‘chec' section checks data forssions

% 'data’ section prints properties

% 'init' section initializes and oefs history variables

% 'stif' section returns currentfséss and force

% 'forc' section returns currentfoonly

% 'post’ section stores informafimnpost-processing

% Sec_no :section number

% SecData : data structure of section properties

% State : current section state; data struetitteupdated fields e, Past and Pres
% .e(;,1) : total section deformations

% .e(;,2): section deformation incrementsrfilast convergence

% .e(;,3): section deformation incrementsilast iteration

%  .e(:,4) : section deformation rates

%  .Past : history variables at last convecge

%  .Pres : history variables at last iteratio

% FEDEAS Lab - Release 2.3, March 2001

% Matlab Finite Elements for Design, Evaluation &malysis of Structures

%

% Copyright (c) 1998, Professor Filip C. Filippdilippou@ce.berkeley.edu

% Department of Civil and Environmental Engineerid€ Berkeley

% e —— —_==== . T, T, T T T T T T T T T T T T T
% Created by Dan Hu,2011

% Section Properties
% SecData.Re : external radius

% .Rc : steel confined radius (Rc=Re}cov

% .Ri :internal radius

% Ang : angle

% .nl1 : no of layers from internal raslio stirrups
% .nl2 : no of layers from stirrups tdexal radius
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% .m : no of subdivisions

% .n :no of steel bars

% .IntTyp : integration type of section respe
% As :area of reinforcing steel

% .cov : cover of outside reinforcingedte

% .MatName: array with material names

% .MatData: data structure of material prtips

% GLOBAL VARIABLES
global IOW; % output file number
globalHEAD_PR; % header print indicator

% check section data, set default values, if angl,ratrieve data
% e e e ————— == e ———————————
switch action
casechec'
if (~isfield(SecDat&Ri")) dispSection);disp(Sec_no); erroniternal radius missingéend
if (~isfield(SecDataRc)) disp(Section);disp(Sec_no); errogteel confined radius missijgnd
if (~isfield(SecDateaRe)) disp(Section);disp(Sec_no); errogxternal radius missifgend
if (~isfield(SecDataylatName)) disp(Sectior);disp(Sec_no); error(iaterial name missirjgend
if (~isfield(SecDat&is") disp(Section);disp(Sec_no); errogrea of reinforcing steel missijignd
if (~isfield(SecDataang))  disp(Sectior);disp(Sec_no);
warning{alue of angle missing, 2*pi assunjgd'
SecData.Ang = 2*@nd
if (~isfield(SecDat&;l1) disp(Section);disp(Sec_no);
warningo of layers missing, 10 layers assurjjed’
SecData.nll = 1&nd
if (~isfield(SecDatayl2)) disp(Section);disp(Sec_no);
warning€o of layers missing, 10 layers assurjed’
SecData.nl2 = &nd
if (~isfield(SecDatan’) disp(Section);disp(Sec_no);
warning6o of subdivisions missing, 12 subdivision assujned
SecData.m = l&hd
if (~isfield(SecDatay")) disp(Sectior);disp(Sec_no);
warning'6o of steel bars missing, 12 subdivision assumed'
SecData.n = Iend
if (~isfield(SecDatantTyp’)) disp(Section);disp(Sec_no);
warning(ntegration type missing, midpoint assuned'
SecData.IntTyp #lidpoint;end
SecData.MatData{l1} = feval (SecData.MatNamg(thec1,SecData.MatData{1});
SecData.MatData{2} = feval (SecData.MatNamg(2lec,2,SecData.MatData{2});
SecData.MatData{3} = feval (SecData.MatNamg(8liec,3,SecData.MatData{3});
varargout = {SecData};
otherwise
% extract section properties
Ri = SecData.Ri; % internal radius
Rc = SecData.Rc; % steel confined radius
Re = SecData.Re; % external radius
Ang = SecData.Ang; % Angle
nll = SecData.nll; % no of layers from internal radius to stirrups
nl2 = SecData.nl2; % no of layers from stirrups to external radius
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m = SecData.m; % no of subdivisions

n = SecData.n; % no of steel bars

IntTyp = SecData.IntTyp% integration type

As =SecData.As; % area of reinforcing steel
cov = SecData.cov; % cover of reinforcing steel

MatName = SecData.MatNam&j array of material names
MatData = SecData.MatData; % material data

end

% section actions

switch action
casedata’
fprintf (IOW,\n Circular RC Layer Section'
fprintf (IOW,\n Secno intRad extRad No dra)
fprintf (IOW,\n %4d %11.3e %11.3e  %48€ec_no,ri,re,nl);
HEAD_PR =1,
feval (MatName(1,:)Jata,1, SecData.MatData{1});% first m layers are the same, print only 1
feval (MatName(2,:)}Jata,nl*m+1,SecData.MatData{2});

caseinit’
% discretization of section
patcoorl =[0 Ri;0 Rc];
patcoor2 =[0 Rc;0 Re];
[yfib(1:nl1*m) Afib(1:nl1*m)] = CircularPatch_ayer (patcoorl,IntTyp,nl1,m);
[yfib((nl1)*m+1:(nl1+nl2)*m) Afib((nl1)*m+1:(nt+nl2)*m)] = CircularPatch_Layer
(patcoor2,IntTyp,nl2,m);
% initialize before assembly
s =zeros(ndm,l); % current section force
ks = zeros(ndm,ndm);% current section stiffness

% concrete layers

for i=1:nl1*m
as = [1-yfib(i)];
MatState = feval (MatName(1jnit',i,MatData{1});
s =s + Afib(i).*(as*MatState.sig);
ks = ks + Afib(i).*(as"*MatState.Et*as);
State.Pres.Mat{i} = MatState.Pres;

end

for i=(nl1)*m+1:(nl1+nl2)*m
as = [1-yfib(i)];
MatState = feval (MatName(2j)it',i,MatData{2});
s =s + Afib(i).*(as*MatState.sig);
ks = ks + Afib(i).*(as"*MatState.Et*as);
State.Pres.Mat{i} = MatState.Pres;

end

% steel reinforcing layers

betastr = pi/n;

betaend = pi*(2*n-1)/n;

beta = linspace(betastr,betaend,n);
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sfib = zeros(n,1);

for j=1:n
sfib(j) = (Re-cov-(As/pi)"0.5)*sin(beta(l);]
as = [1 -sfib(j)];
MatState = feval (MatName(3jit',i+j,MatData{3});
s =s + As.*(as*MatState.sig);
ks =ks + As.*(as"MatState.Et*as);
State.Pres.Mat{i+j} = MatState.Pres;

end
State.s =s;
State.ks =ks;

varargout = {State};

case{ 'stif','forc'}
% discretization of section
patcoorl =[0 Ri;0 Rc];
patcoor2 =[0 Rc;0 Re]J;
[yfib(1:nl1*m) Afib(1:nl1*m)] = CircularPatch_hayer (patcoorl,IntTyp,nl1,m);
[yfib((nl1)*m+1:(nl1+nl2)*m) Afib((nl1)*m+1:(nlL+nl2)*m)] = CircularPatch_Layer
(patcoor2,IntTyp,nl2,m);

% initialize before assembly
s =zeros(ndm,1);
ks = zeros(ndm,ndm);

% concrete layers
for i=1:nl1*m
as = [1-yfib()];
MatState.eps = as*State.e;
MatState.Pres = State.Pres.Mat{i};
MatState.Past = State.Past.Mat{i};
MatState = feval (MatName(1s)if',i,MatData{1},MatState);
s =s + Afib(i).*(as*MatState.sig);
ks = ks + Afib(i).*(as"*MatState.Et*as);
State.Pres.Mat{i} = MatState.Pres;
end

for i=(nl1)*m+1:(nl1+nl2)*m
as = [1-yfib()];
MatState.eps = as*State.e;
MatState.Pres = State.Pres.Mat{i};
MatState.Past = State.Past.Mat{i};
MatState = feval (MatName(25s)if',i,MatData{2},MatState);
s =s + Afib(i).*(as*MatState.sig);
ks = ks + Afib(i).*(as"*MatState.Et*as);
State.Pres.Mat{i} = MatState.Pres;
end

% steel reinforcing layer
betastr = pi/n;

92



betaend = pi*(2*n-1)/n;

beta = linspace(betastr,betaend,n);

sfib = zeros(n,1);

for j=1:n
sfib(j) = (Re-cov-(As/pi)"0.5)*sin(beta(l);]
as = [1 -sfib(j)];
MatState.eps = as*State.e;
MatState.Pres = State.Pres.Mat{i+j};
MatState.Past = State.Past.Mat{i+j};
MatState = feval (MatName(3s)if',i+j,MatData{3},MatState);
s =s + As.*(as*MatState.sig);
ks = ks + As.*(as"MatState.Et*as);
State.Pres.Mat{i+j} = MatState.Pres;

end

State.s =s;
if (action==stif") State.ks = ksend
varargout = {State};

casepost'’
% discretization of section
patcoorl =[0 Ri;0 Rc];
patcoor2 =[0 Rc;0 Re];
[yfib(1:nl1*m) Afib(1:nl1*m)] = CircularPatch_ayer (patcoorl,IntTyp,nl1,m);
[yfib((nl1)*m+1:(nl1+nl2)*m) Afib((nl1)*m+1:(nt+nl2)*m)] = CircularPatch_Layer
(patcoor2,IntTyp,nl2,m);

s =zeros(ndm,1); % initialize before assembly

% concrete core
for i=1:nl1*m
as = [1 -yfib(i)];
MatState.eps = as*State.e;
MatState.Pres = State.Pres.Mat{i};
MatState.Past = State.Past.Mat{i};
[sig Post.Mat{i}] = feval (MatName(1,Dost,i, MatData{1},MatState);
s =s + Afib(i).*(as"sig);
end

for i=(nl1)*m+1:(nl1+nl2)*m
as = [1 -yfib(i)];
MatState.eps = as*State.e;
MatState.Pres = State.Pres.Mat{i};
MatState.Past = State.Past.Mat{i};
[sig Post.Mat{i}] = feval (MatName(2,Dost,i, MatData{2},MatState);
s =s + Afib(i).*(as"™sig);
end

% steel reinforcing layer
betastr = pi/n;
betaend = pi*(2*n-1)/n;
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beta = linspace(betastr,betaend,n);

sfib = zeros(n,1);

for j=1:n
sfib(j) = (Re-cov-(As/pi)"0.5)*sin(beta(l);]
as = [1 -sfib(j)];
MatState.eps = as*State.e;
MatState.Pres = State.Pres.Mat{i+j};
MatState.Past = State.Past.Mat{i+j};
[sig Post.Mat{i+j}] = feval (MatName(3,post,i+j,MatData{3},MatState);
s =s + As.*(assig);

end

% add section post-processing information
Post.e = State.e(:,1);
Post.s = s;
varargout = {s Post};
otherwise
% add further actions
end
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APPENDIX D : FEDEASLAB CODE FOR RESPONSE COMPUTATION
FOR MANDER MODEL AND THE SM MODEL

functionvarargout = Mate12 (action,Mat_no,MatData,State)
% MATE12 cyclic stress-strain relation for confineshcrete

% FEDEAS Lab - Release 2.3, March 2001

% Matlab Finite Elements for Design, Evaluation &malysis of Structures

%

% Copyright (c) 1998, Professor Filip C. Filippdilippou@ce.berkeley.edu

% Department of Civil and Environmental Engineefidg Berkeley

% === === oo s s

% Material Properties of unconfined concrete
% MatData.fcO : concrete compressive strength

% .ec0 : strain at compressive strength

% .Ec :initial tangent modulus

% .beta : constant relating Ec with Esec

% .nu : Poisson's ratio

% .elim : limit axial strain beyond which enbcracking starts to occur
% .alpha: constant relating ecO with theabat volume strain equal zero
% .eult : ultimate strain

%

% Confining Properties

% MatData.type_conf : type of confinement (‘un¢éstéel’,'FRP’)
% .sect_shape : section shape (‘oval’)'rect'

% .reinf_disp : reinforcement dispositiao(it’, ‘discont’)
%

% Material Properties of confined concrete

% MatData.kg : arching-effect coeff.

% .roj : transverse FRP or steel volumeatm

% .Ej : FRP or steel Young modulus

% fy : steel yield strength

% fjult: ultimate FRP strength

% .ejult: ultimate FRP or steel strain

% .ks : corner curvature coeff.

% Material History Variables
% State._.sig : stress

% .Et :tangent modulus

% .eps : strain

% .emin : minimum strain (compression)
% .eunl : strain at stress equal zero

% .Eunl : unloading-reloading modulus
% .sunl : unloading stress

% .ecc : strain at peach strength

% fcc : peak strength

% Al : confinement pressure

% .elunl: unloading lateral strain

% flunl: unloading lateral stress
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% .muunl: unloading Del to De ratio

globallOW; % output file number
globalHEAD_PR; % header print indicator

% check material data, set default values, if ang, retrieve data
% e e e ————— === e ———————————
switchaction
casechec'
if (~isfield(MatDataec0)) MatData.ecO = -0.00Znd
if (~isfield(MatDataEc)) disp(Material);disp(Mat_no); errotfangent modulus missingend
if (~isfield(MatDatdfc0") disp(Material);disp(Mat_no); errof¢ompressive strength missiyye&nd
if (~isfield(MatDatapeta)) MatData.beta = (MatData.Ec/abs(MatData.fc0)-4(ktatData.ec0))end
if (~isfield(MatDatatype con)) disp(Material);disp(Mat_no); errof¢onfinement type missir)gend
switch MatData.type_conf
caseunconf'
if (~isfield(MatDatanu)) MatData.nu = 0.2nd
if (~isfield(MatDatdalpha)) MatData.alpha = 0.%nd
if (~isfield(MatDatdgelim’)) MatData.elim = -0.00lend
if (~isfield(MatDatdeult)) MatData.eult = -0.00%nd
casesteel
if (~isfield(MatDatdFEj")) disp(Material);disp(Mat_no); error§teel Young"s modulus missijigend
if (~isfield(MatDatdfy")) disp(Material);disp(Mat_no); errof§teel yield strength missingéend
if (~isfield(MatDatdroj")) disp(Material);disp(Mat_no); errof{ransverse steel volumetric ratio
missing); end
if (~isfield(MatDatakg)) MatData.kg = 0.8end
if (~isfield(MatDataks')) MatData.ks = 1lend
if (~isfield(MatDatdgjult)) MatData.ejult = 0.1end
flmax = 0.5*MatData.kg*MatData.ks*MatDataj*MatData.fy;
fccmax = (2.254*(1+7.94*flmax/abs(MatData Yp.5-2*flmax/abs(MatData.fc0)-1.254)*
abs(MatData.fc0);
MatData.eult = -0.004 - 1.4*MatData.roj*Matlady*MatData.ejult/fccmax;
% Priestley equation (based on energy-balance mgtho
caseFRP!
if (~isfield(MatDatdEj")) disp(Material);disp(Mat_no); errofffRP Young"s modulus missijgend
if (~isfield(MatDatdfjult')) disp(Material);disp(Mat_no); errotRP ultimate strenght missijigend
if (~isfield(MatDatdgejult)) disp(Material);disp(Mat_no); errotfRP ultimate strain missingend
if (~isfield(MatDatadij')) disp(Material);disp(Mat_no); erroft RP thickness missingend
if (~isfield(MatDatdsect_shap)'disp(Material);disp(Mat_no); error§ection shape missifpéend
switch MatData.sect_shape
caseoval'
if (~isfield(MatDataga)) disp(Material);disp(Mat_no); erroté semi-axis missing'end
if (~isfield(MatDatap)) disp(Material);disp(Mat_no); erroiy semi-axis missing'end
MatData.Dj = 4*MatData.a*MatData.b/(1.5*@tData.a+MatData.b)-(MatData.a*MatData.b)"0.5);
MatData.ks = 1;
caserect’
if (~isfield(MatDataga)) disp(Material);disp(Mat_no); erroté dimension missing'end
if (~isfield(MatDatap’)) disp(Material);disp(Mat_no); erroty dimension missiny'end
MatData.Dj = max(MatData.a,MatData.b);
if (~isfield(MatDataRc)) disp(Material);disp(Mat_no); errofRc curvature missing'end
MatData.ks = 2*MatData.Rc/MatData.Dj;
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end
MatData.roj = 4*MatData.tj/MatData.Dj;

if (~isfield(MatDatdreinf_disp)) disp(Material);disp(Mat_no); erroieinforcement disposition

missing); end
switch MatData.reinf_disp
casecont'
MatData.kg = 1;
casediscont’

if (~isfield(MatDatas)) disp(Material);disp(Mat_no); erroieinforcement spacing missijcgend
MatData.kg = (1-0.5*MatData.s/MatData.[)1-MatData.roj);

end
otherwise

% no further options are currently supported
end
varargout = {MatData};

otherwise
% extract material properties
fcO = MatData.fcO;
Ec = MatData.Ec;
ecO = MatData.ecO;
beta = MatData.beta;
type_conf = MatData.type_conf;
switchtype_conf
caseunconf'
nu = MatData.nu;
alpha = MatData.alpha;
elim = MatData.elim;
eult = MatData.eult;
casesteel'
Ej = MatData.Ej;
fy = MatData.fy;
roj = MatData.roj;
ks = MatData.ks;
kg = MatData.kg;
eult = MatData.eult;
caseFRP'
Ej = MatData.Ej;
fjult = MatData.fjult;
ejult = MatData.ejult;
Dj = MatData.Dj;
ks = MatData.ks;
roj = MatData.roj;
kg = MatData.kg;
otherwise
end
end

% material actions




switchaction
casedata’
if (HEAD_PR)
fprintf (IOW,\n
fprintf (IOW,\n
end
fprintf (IOW,\n

Mat no fcO

caseinit’
sig = 0;
Et = Ec;
State.sig = sig;
State.Et = Et;

State.Pres.sig = sig;

State.Pres.Et = Et;

switchtype_conf

caseunconf'
State.Pres.emin = 0;
State.Pres.eunl = 0;
State.Pres.Eunl = fcO/ecO;
State.Pres.sunl = 0;

casesteel'
State.Pres.emin = 0;
State.Pres.eunl = 0;
State.Pres.Eunl = fcO/ecO;
State.Pres.sunl =0;
State.Pres.el =0;
State.Pres.ecc = ecO;
State.Pres.fl =0;
State.Pres.flunl = 0;

caseFRP'
State.Pres.emin = 0;
State.Pres.eunl = 0;
State.Pres.Eunl = fcO/ecO;
State.Pres.sunl = 0;
State.Pres.el =0;
State.Pres.ecc = ecO;
State.Pres.fcc = fcO;
State.Pres.fl =0;
State.Pres.flunl = 0;
State.Pres.elunl = 0;
State.Pres.muunl = 0;

otherwise

end

varargout = {State};

case{ 'stif','forc'}
% extract material properties
fcO = MatData.fcO;
Ec = MatData.Ec;
ecO = MatData.ecO;
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beta = MatData.beta;
type_conf = MatData.type_conf;
switchtype_conf
caseunconf'
nu = MatData.nu;
alpha = MatData.alpha;
elim = MatData.elim;
eult = MatData.eult;
casesteel'
Ej = MatData.Ej;
fy = MatData.fy;
roj = MatData.roj;
ks = MatData.ks;
kg = MatData.kg;
eult = MatData.eult;
caseFRP'
Ej = MatData.Ej;
fiult = MatData.fjult;
ejult = MatData.ejult;
Dj = MatData.Dj;
ks = MatData.ks;
roj = MatData.roj;
kg = MatData.kg;

otherwise

end

% Retrieve history variables from Past

sigp = State.Past.sig;

Ep = State.Past.Et;

eps = State.eps(1,2); total strain

De = State.eps(1,2) total strain increment

switchtype_conf
caseunconf'
% Retrieve history variables from Past
emin = State.Past.emin;
eunl = State.Past.eunl;
Eunl = State.Past.Eunl;
sunl = State.Past.sunl;
% State determination
if (De ==0) % total strain is not changing
sig = sigp;
Et = Ep;
else
if (eps <= eult) | (emin <= eul)o material strength is failed
sig = 0;
Et =0;
emin = min(eps,emin);
else % material streng is not failed
if (De < 0)% negative strain increment: loading
if ((emin == 0)& eps < 0% virgin material
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[sig,Et] = Unconfined_Envelopedtata,eps,sigp,De);
else% non-virgin material
if (eps > eunlYb closure of a previously open crack
sig = 0;
Et =0;
elseif(eps < eminYb the strain increment brings back on the envelope
if eps-De > emin

sigp = sunl;
De =eps-emin;
end

[sig,Et] = Unconfined_EnvelofpéatData,eps,sigp,De);
else% loading inside the envelope
sig = Eunl*(eps-eunl);
Et = Eunl;
end
end
else% positive strain increment: unloading (De > 0)
if ((eps-De) < emin) % unloading from the envelope
emin = eps-De;
Eunl = Ec*(abs(sigp/(Ec*ec0))+D)Kabs(emin/ec0)+0.57);
sunl = sigp;
eunl = emin-sunl/Eunl;
sig = Eunl*(eps-eunl);

Et =Eunl

elseif(eps > eunl) % crack has opened
sig = 0;
Et =0;

else % unloading inside the envelope
sig = Eunl*(eps-eunl);
Et =Eunl

end

end
end
end

% save history variables
State.Pres.sig = sig;
State.Pres.Et = Ef;
State.Pres.emin = emin;
State.Pres.eunl = eunl;
State.Pres.Eunl = Eunl;
State.Pres.sunl = sunl;

casesteel'
% Retrieve history variables from Past
emin = State.Past.emin;
eunl = State.Past.eunl;
Eunl = State.Past.Eunl;
sunl = State.Past.sunl;
el = State.Past.el;
ecc = State.Past.ecc;
flp = State.Past.fl;
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flunl = State.Past.flunl;
% State determination
if (De ==0) % total strain is not changing

sig = sigp;

Et = Ep;

fl =flp;

else % total strain is changing

if (eps <= eult) | (emin <= eul)o material strength is failed
sig =0;
Et =0;
emin = min(eps,emin);
fl =0;

else % material strength is not failed

if (De < 0)% negative strain increment: loading
if ((emin == 0)& eps <= 0% virgin material
[fc,el,fl,ecc]= Conf_Pressure(ftf)ecO,Ec,eps,beta,roj,Ej,ks,kg);
fs=Ej*el;
if fs <=fy
cont=0;
while abs(fl-flp) > max(fl/20000,0.0000001)
cont = cont+1;
flp =Al;
[fc,el,fl,ecc]= Conf_Press(icO,flp,ec0,Ec,eps,beta,roj,Ej,ks,kg);
if cont>10,break end
end
else
flo = 0.5*ks*kg*roj*fy;
fcc = (2.254*(1+7.94*fIp/diD))0.5-2*flp/abs(fc0)-1.254)*fcO;
ecc = ec0*(1+5*(fcc/fc0-1));
X  =epslecc;
Esecc = fcc/ecc;
r = Ec/(Ec-Esecc);
fc = feerx*r/(r-1+x7);
el = (Ec*eps-fc)/(2*beta)f
fl - =flp;
end
sig = fc;
Et = (sig-sigp)/De;
else% non-virgin material
if (eps > eunlYb closure of a previously open crack

sig = 0;
Et =0;
fl =flp;

elseif (eps < eminYs the strain increment brings back on the envelope
[fc,el,fl,ecc]= Conf_Pressuicé(flp,ec0,Ec,eps,beta,roj,Ej,ks,kg);
fs=Ej*el,
if fs <=fy
cont=0;

while abs(fl-flp) > max(fl/20000,0.0000001)
cont = cont+1;
flp =fl;
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[fc,el,fl,ecc]= Conf_Reure(fcO,flp,ec0,Ec,eps,beta,roj,Ej,ks,kg);
if cont>10break end
end
else
flp=0.5*ks*kg*roj*fy;
[fc,el,fl,ecc]= Conf_Press(icO,flp,ec0,Ec,eps,beta,roj,Ej,ks,kg);

end
if eps-De > emin
sigp = sunl;
De =eps-emin;
end
sig = fc;

Et = (sig-sigp)/De;
else% loading inside the envelope
sig = Eunl*(eps-eunl);

Et = Eunl;
fl = flunl;
end

end
else% positive strain increment: unloading (De > 0)
if ((eps-De) < emin) % unloading from the envelope
emin = eps-De;
Eunl = Ec*(abs(sigp/(Ec*ecc))3D)/(abs(emin/ecc)+0.57);

sunl = sigp;
eunl = emin-sigp/Eunl;
flunl = flp;
sig = Eunl*(eps-eunl);
Et =Eunl;
fl = flunl;

elseif(eps > eunl) % crack has opened
sig = 0;
Et =0;
fl. =Aflp;

else % unloading inside the envelope
sig = Eunl*(eps-eunl);
Et =Eunl;
fl_ = flunl;

end

end
end
end

% save history variables
State.Pres.sig = sig;
State.Pres.Et = Et;
State.Pres.emin = emin;

State.Pres.eunl = eunl;
State.Pres.Eunl = Eunl;
State.Pres.sunl = sunl;
State.Pres.el =el;
State.Pres.ecc = ecc;
State.Pres.fl =fl;
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State.Pres.flunl = flunl;

caseFRP’
% Retrieve history variables from Past
emin = State.Past.emin;
eunl = State.Past.eunl;
Eunl = State.Past.Eunl;
sunl = State.Past.sunl;
el = State.Past.el;
ecc = State.Past.ecc;
fcc = State.Past.fcc;
flp = State.Past.fl;
flunl = State.Past.flunl;
elunl = State.Past.elunl;
muunl = State.Past.muunl;
% State determination
if (De ==0) % total strain is not changing

sig = sigp;

Et = Ep;

fl. =flp;

else % total strain is changing

if el >=ejult % confining FRP is failed
sig = 0;
Et =0;
fl =0;
el =ejult;

else % confining FRP is not failed

if (De < 0)% negative strain increment: loading
if ((emin == 0)& eps < 0% virgin material
[fc,el,fl,ecc]= Conf_Pressure(ftf)ecO,Ec,eps,beta,roj,Ej,ks,kg);
cont=0;
while abs(fl-flp) > max(fl/120000,0.0000001)
cont = cont+1;
flp =Al;
[fc,el,fl,ecc]= Conf_Pressuicé(flp,ec0,Ec,eps,beta,roj,Ej,ks,kg);
if cont>10break end

end
if el >=ejult % confining FRP is failing
sig = 0;
Et =0;
fl =0;
el = ejult;
else
sig = fc;
Et = (sig-sigp)/De;
end

else% non-virgin material
if (eps >= eunlYs closure of a previously open crack

sig = 0;
Et =0;
fl =flp;
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elseif (eps <= eminYs the strain increment brings back on the envelope
if eps-De >emin % loading from reloading to envelope

sigp = sunl;
De =eps-emin;
flo = flunl;
end
[fc,el,fl,ecc]= Conf_Pressuicé(flp,ec0,Ec,eps,beta,roj,Ej,ks,kg);
cont=0;

while abs(fl-flp) > max(fl/10000,0.0000001)
cont = cont+1;
flo =1l
[fc,el,fl,ecc]= Conf_Press(icO,flp,ec0,Ec,eps,beta,roj,Ej,ks,kg);
if cont>10,break end

end
if el >= ejult% confining FRP is failing
sig = 0;
Et =0;
fl =0;
el = ejult;
else
sig = fc;
Et = (sig-sigp)/De;
end

else% loading inside the envelope
sig = Eunl*(eps-eunl);
Et = Eunl;
el = elunl-muunl*(eps-emin);
fl = 0.5*ks*kg*roj*Ej*el;
end
end
else% positive strain increment: unloading (De > 0)
if ((eps-De) <= emin) % unloading from the envelope
emin = eps-De;

elunl = el;

Eunl = Ec/(1+2*20*elunl);

sunl = sigp;

eunl = emin-sigp/Eunl;

flunl = flp;

muunl = -20*elunl*Eunl/(beta*snl
el = elunl-muunl*(eps-emin);
sig = Eunl*(eps-eunl);

Et =Eunl;

fl = 0.5*ks*kg*roj*Ej*el;
elseif(eps >= eunl) % crack has opened

sig = 0;
Et =0;
fl =Alp;
else % unloading inside the envelope
sig = Eunl*(eps-eunl);
Et =Eunl;

el = elunl-muunl*(eps-emin);
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fl = 0.5*ks*kg*roj*Ej*el;
end
end
end
end
% save history variables
State.Pres.sig = sig;
State.Pres.Et = Et;
State.Pres.emin = emin;
State.Pres.eunl = eunl;
State.Pres.Eunl = Eunl;
State.Pres.sunl = sunl;
State.Pres.el =el;
State.Pres.ecc = ecc;
State.Pres.fcc = fcc;
State.Pres.fl =f1l;
State.Pres.flunl = flunl;
State.Pres.elunl = elunl;
State.Pres.muunl = muunl;
otherwise
end

if action =='stif'

State.sig = sig;

State.Et = Et;
else

State.sig = sig;
end

varargout = {State};

casepost'
sig = State.Past.sig;
Post.eps = State.eps(1,1);
Post.sig = sig;

switchtype_conf
case{'steel'FRP}
Post.el = State.Past.el;

otherwise

end

varargout = {sig Post};
% e e e ————— === e ———————————
otherwise

% no further actions are currently supported
end

% ++++++++++++++H R
function[sig,Et] = Unconfined_Envelope(MatData,eps,sigp,De

% Pantazopoulou-Mills concrete stress-strain retetiip

nu = MatData.nu;

alpha = MatData.alpha;

ecO = MatData.ecO;
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elim = MatData.elim;

beta = MatData.beta;

Ec = MatData.Ec;

el =-nu*eps-0.5*(1-2*nu)*alpha*ec0*(0.5*((eliraps)+abs(elim-eps))/(elim-alpha*ec0))"2;
Esec = Ec/(1+2*beta*el);

sig = Esec*eps;

if eps >=elim

Et = Ec/(1+2*beta*el)"2;
else

Et = (sig-sigp)/De;
End

% ++++++++++++H+H+H+HHH
function[fc,el,fl,ecc]= Conf_Pressure(fc0,flp,ec0,Ec,epsaroj,Ej,ks,kg)
% Confinement pressure on Mander-Popovics curve

fcc = (2.254*(1+7.94*flp/abs(fc0))"0.5-2*flp/alds)-1.254)*fcO;

ecc = ec0*(1+5*(fcc/fc0-1));

X =epslecc;

Esecc = fcclecc;

r = Ec/(Ec-Esecc);

fc = feerx*r/(r-1+x7);

el = (Ec*eps-fc)/(2*beta*fc);

fl = 0.5*ks*kg*roj*Ej*el;
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APPENDIX E : FEDEASLAB CODE FOR RESPONSE COMPUTATION
FOR THE SZM MODEL

functionvarargout = Matel7 (action,Mat_no,MatData, Statasgn)

% MATEL7 cyclic stress-strain relation for SZM cim&d concrete 2006

% With Sensitivity Analysis

% s ——— e ——— s —————————————
% FEDEAS Lab - Release 2.3, March 2001

% Matlab Finite Elements for Design, Evaluation &maélysis of Structures

%

% Copyright (c) 1998, Professor Filip C. Filippdilippou@ce.berkeley.edu

% Department of Civil and Environmental Engineefidg Berkeley

% Material Properties of unconfined concrete
% MatData.fcc : peak strength of unconfined cotecre

% Confining Properties

% MatData.type_conf : type of confinement (‘'FRP")

% .reinf_disp : reinforcement disitios (‘cont’, 'discont’)
%

% Material Properties of confined concrete

% MatData.Ej : FRP Young modulus

% 1j : FRP thickness
% fj : hoop strength of FRP
% .D : diameter of concrete core

% Material History Variables
% State._.sig : stress

% .eps : strain

% .Et :tangent modulus

% .emax : maximum strain (compression)
% .epl : strain at stress equal zero

% .Eunl : unloading-reloading modulus
% .sunl : unloading stress

% .eunl : unloading strain

% .ero : reloading strain

% .fro : reloading stress

% .ere :return strain

% fre :return stress

globallOW; % output file number
globalHEAD_PR; % header print indicator

% check material data, set default values, if ang, retrieve data
% s ——— e ——— s —————————————
switchaction
casechec'
if (~isfield(MatDatafcc))disp(Material);disp(Mat_no);errorpeak compressive strength misging'
end
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if (~isfield(MatDataEj")) disp(Material);disp(Mat_no); errotf RP Young"s modulus missijigend

if (~isfield(MatDatalij')) disp(Material);disp(Mat_no); erroftRP thickness missingend

if (~isfield(MatDatdfj")) disp(Material);disp(Mat_no); errotf RP hoop strength missijigend

if (~isfield(MatDataP")) disp(Material);disp(Mat_no); errotfliameter of concrete core misshng'

end
MatData.fcc = abs(MatData.fcc);

MatData.E1 = 3950*(MatData.fcc)"0.5;

MatData.E2 = 245.61*(MatData.fcc)0.2+BB8¥MatData.Ej*MatData.tj/MatData.D;

MatData.fl = 2*MatData.fj*MatData.tj/MB&ata.D;

MatData.f0 = 0.872*(MatData.fcc)+0.37 1*\Data.fl+6.258;

MatData.fcu = MatData.fcc+6.0*MatData.fl70.

MatData.ecu = (MatData.fcu-MatData.f0)/MatB.E2;

MatData.a = (MatData.E1-MatData.E2)*Mat@®acu/(1+((MatData.E1-MatData.E2)*MatData.cu/
MatData.f0)*1.5)/{5)+MatData.E2*MatData.ecu;

MatData.b = MatData.E2+(MatData.E1-MatbBPR)/((MatData.ecu*(MatData.E1-MatData.E2)/
MatData.f0)*1.5+)/38)-MatData.ecu*(MatData.E1-MatData.E2)"2*
(MatData.ecu*(MatB#& 1-MatData.E2)/MatData.f0)"0.5/(MatData.fO*
((MatData.ecu*(Matfa.E1- MatData.E2)/MatData.f0)"1.5+1)"(5/3));

MatData.c = (-200*MatData.b*MatData.ecd3MatData.a)/(MatData.ecu)"2;

MatData.d = (MatData.b*MatData.ecu+200tMata.a)*10"4/(MatData.ecu)"3;

varargout = {MatData};

otherwise

% extract material properties

fcc = MatData.fcc;

Ej = MatData.Ej;

tj = MatData.tj;

fi = MatData.fj;

E1l = MatData.E1;

E2 = MatData.E2;

D = MatData.D;

fl = MatData.fl;

f0 = MatData.f0;

fcu = MatData.fcu;

ecu = MatData.ecu;

a = MatData.a;
b = MatData.b;
c = MatData.c;
d = MatData.d;

end

% material actions

switchaction

casedata’
if (HEAD_PR)
fprintf (IOW\n Confined Concrete Material Mogigl'
fprintf (IOW\n Mat no fcc ); !
end
fprintf (IOW,\n %4d %11.3e %11.3e %11.Bkt_no,fcc);
% e e e ————— e e— e ———————————
caseinit’
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sig = 0;

Et =E1,;

State.sig = sig;
State.eps =0;
State.Et = Et;

State.Pres.sig = sig;
State.Pres.Et = Et;
State.Pres.emax = 0;
State.Pres.epl =0;
State.Pres.Eunl = E1;
State.Pres.sunl =0;
State.Pres.eunl =0;
State.Pres.sun =0;
State.Pres.eun =0;
State.Pres.ero =0;
State.Pres.fro =0;
State.Pres.ere =0;
State.Pres.fre =0;
State.Pres.flag =@; 0 = virgin material;1 = loading;2 = unloading
varargout = {State};

case{ stif','forc}
% extract material properties
fcc = MatData.fcc;
Ej = MatData.Ej;
D = MatData.D;
fcu = MatData.fcu;
ecu = MatData.ecu;
% Retrieve history variables from Past

sigp = -State.Past.sig;

Ep = State.Past.Et;

eps = -State.eps(1,Y;total strain

De =-State.eps(1,2);total strain increment
epl = State.Past.epl;

emax = State.Past.emax;
Eunl = State.Past.Eunl;
sunl = State.Past.sunl;
eunl = State.Past.eunl;
sun = State.Past.sun;
eun = State.Past.eun;
ero = State.Past.ero;
fro = State.Past.fro;
ere = State.Past.ere;
fre = State.Past.fre;
flag = State.Past.flag;
emax = max(emax,eps);

% State determination
if (De ==0) % total strain is not changing
sig = sigp;
Et = Ep;
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else % total strain is changing
if (emax >=1.01*ecu) || (eps <= 0% confining FRP is failed

sig = 0;
Et =0;
else % confining FRP is not failed

if (De >0) % loading
if (lag==0) % material on the envelope
if eps<ecu
sig = (E1-E2)*eps/(1IBI(E2)*eps/fO) 1.5)N(1/1.5)+E2*eps;
Et = E2+(E1-E2)/((ef81-E2)/f0)*1.5+1)"(2/3)-eps*(E1-E2)"2*(eps*(E1-E2)
f0)"0.5/(fOfefps*(E1-E2)/f0)1.5+1)N(5/3));
else
sig= a+b*(eps-ecu)+gigeccu) 2+d*(eps-ecu)3;
Et = b+2*c*(eps-ecu)H3feps-ecu)"2;
end
else
if eps<=epbb closure of a previously open crack
sig = 0;
Et =0;
flag= 1,
else
if (flag==1)
if eun<=eunl
if fro>=0.9*sunl% return to the unloading point
if eps<=eunl
Et sufl-fro)/(eunl-ero);
sigrofEt*(eps-ero);
elseifeps>eunl && eps<=ecu
siEL-E2)*eps/(1+((E1-E2)*eps/fO)"1.5)N(1/1.5)+E2%p
EtE2+(E1-E2)/((eps*(E1-E2)/fO)1.5+1)N(2/3)-eps*(ER)2*(eps*(EL1-
E2)/f0)"0.5/(f0*((eps*(E1-E2)/f0)*1.5+1)(5/3))
fla@s
elseifeps>ecu
sigxb*(eps-ecu)+c*(eps-ecu)*2+d*(eps-ecu)’3;
Etb=2*c*(eps-ecu)+3*d*(eps-ecu)"2;
end
else
if eps<=eunl
Et &:¢*sunl-fro)/(eunl-ero);
sigrofEt*(eps-ero);
elseifeps>eunl && eps<=ere
Et Ounl/(eunl-epl);
sig ABunl+Et*(eps-eunl);
elseifeps>ere
if eps<=ecu
sidE1-E2)*eps/(1+((E1-E2)*eps/f0) 1.5 (1/1.5)+EPe
EtE2+(E1-E2)/((eps*(E1-E2)/f0) 1.5+1)"(2/3)-eps*HER)N2*
(eps*(E1-E2)/f0)"0.5/(f0*((eps*(E1-E2)/f0) 13)(5/3));
fad;
else% eps>ecu
sig+b*(eps-ecu)+c*(eps-ecu) 2+d*(eps-ecu)"3;
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Etb+2*c*(eps-ecu)+3*d*(eps-ecu)"2;
end
end
end

else%eun>eunl
if eps<=eun
Et = (stio)/(eun-ero);
sig = frofeps-ero);
elseif eps>eun && eps<=ere
Et = 0.9rd/(eunl-epl);
sig = su¥Eps-eun);
elseifeps>ere
if eps<=ecu
SigELCE2)*eps/(1+((E1-E2)*eps/f0)"1.5)N(1/1.5)+E2*eps;
Et 2HE1-E2)/((eps*(E1-E2)/f0)"1.5+1)(2/3)-eps*(E1E2*(eps*(EL-
E2)/f0)"0.5/ (fO*((eps*(E1-E2)/f0)1.5+1)"(5/3));
flag= O
else% eps>ecu
sig =@ (eps-ecu)+c*(eps-ecu) 2+d*(eps-ecu)3;
Et =Xc*(eps-ecu)+3*d*(eps-ecu)"2;
end
end
end

else%flag==2
ero = eps-De;
if ero<epl
ero = epl;
end
fro = sigp;
flag=1;
if eun<=eunl
if fro>=0.9*sunl
if eps<=eunl
Et su(l-fro)/(eunl-ero);
sigrofEt*(eps-ero);
else%eps>eunl
SigEI(CE2)*eps/(1+((E1-E2)*eps/f0)1.5)N(1/1.5)+E2*eps;
Et 2€E1-E2)/((eps*(E1-E2)/f0)*1.5+1)"(2/3)-eps*(E1E2*(eps*(E1-
E2)/f0)"0.5/ (fO*((eps*(E1-E2)/f0)1.5+1)"(5/3));
flag= O
end
else
if eps<=eunl
Et &:¢*sunl-fro)/(eunl-ero);
sigrofEt*(eps-ero);
elseifeps>eunl && eps<=ere
Et ®unl/(eunl-epl);
sig ABunl+Et*(eps-eunl);
elseifeps>ere
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if eps<=ecu
sigE1-E2)*eps/(1+((E1-E2)*eps/fO) 1.5)N1/1.5)+EP®e
EtE2+(E1-E2)/((eps*(E1-E2)/f0)1.5+1)(2/3)-eps*HER)2*(eps*
(E1-E2)/f0)"0.5/(f0*((eps*(E1-E2)/f0) 1.5+1B13));
fag;
else% eps>ecu
sig@+b*(eps-ecu)+c*(eps-ecu) 2+d*(eps-ecu)"3;
Etb+2*c*(eps-ecu)+3*d*(eps-ecu)"2;
end
end
end

else%eun>eunl
if eps<=eun
Et = (stuo)/(eun-ero);
sig = froxkgeps-ero);
elseif eps>eun && eps<=ere
Et = 0.91d/(eunl-epl);
sig = su¥Eps-eun);
elseifeps>ere
if eps<=ecu
SigELCE2)*eps/(1+((E1-E2)*eps/f0)"1.5)N(1/1.5)+E2*eps;
Et 2HE1-E2)/((eps*(E1-E2)/f0) 1.5+1)"(2/3)-eps*(E1E2*(eps*(E1-
E2)/f0)"0.5/ (fO*((eps*(E1-E2)/f0)1.5+1)"(5/3));
flag= O
else% eps>ecu
sig =@ (eps-ecu)+c*(eps-ecu) 2+d*(eps-ecu)3;
Et =2¥c*(eps-ecu)+3*d*(eps-ecu)"2;
end
end
end
end
end
end

else%(De < 0) unloading
if (flag == 0)%from loading
eunl = eps-De;
if eunl<=ecu
sunl = (E1-E2)*eunl/({&1-E2)*eunl/f0)"1.5)"(1/1.5)+E2*eunl,;
elseifeunl>ecu && eunl<=1.01*ecu
sunl=a+b*(eunl-ecu)+enfl-ecu)*2+d*(eunl-ecu)”3;
else
disefrorl);
end
eun=eunl;
sun=sunl;
if (sunl/fcc) >= 0 && (sunl/fcc) <1
Eunl = E1;
elseifsunl/fcc>=1 && sunl/fcc <2.5
Eunl = (-0.44*sunl/fcc44)*E1;
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elseifsunl/fcc >= 2.5
Eunl =0.34*E1;
else
disgefror2);
end
epl = eunl-sunl/Eunl;
ff = 0.9*sunl/(eunl-epl);
ere = fzero(@ (x)myfun_eré(E1,E2,f0,epl,ecu,a,b,c,d),[eunl,1.01*ecu]);
fre = (E1-E2)*ere/(1+((EREere/f0) 1.5)(1/1.5)+E2*ere;
flag = 2punloading already started
x = (eps-eunl)/(epl-eunl);
if x>=0 && x<=1
sig = ((1-x)"2/(1+2*9)f*sun;
Et = (2*(1-X)*(1+2*Xx)#41-x)"2)*Eunl/(1+2*x)"3;
elseifx>1
sig = 0;
Et =0;
else
disefror3);
end

elseif(flag == 1)
if eps>epl
eun = eps-De;
sun = sigp;
end
flag = 2punloading already started
X = (eps-eun)/(epl-eun);
if x>=0 && x<=1
sig = ((1-x)"2/(1+2*D)*sun;
Et = (2*(1-x)*(1+2*x3#(1-x)"2)*Eunl/(1+2*x)"3;
elseifx>1
sig = 0;
Et =0;
else
disefror4);
end

elseif(flag == 2)
X = (eps-eun)/(epl-eun);

if x>=0 && x<=1
sig = ((1-x)"2/(1+2*9)*sun;
Et = (2*(1-X)*(1+2*Xx)#41-x)"2)*Eunl/(1+2*Xx)"3;
fro = sig;
ero = eps;

elseifx>1
sig = 0;
Et =0;
fro = 0;
ero = epl;

else
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disefrors);
end
end
end
end

end
% save history variables
State.Pres.sig = -sig;
State.Pres.Et Et;
State.Pres.epl epl;
State.Pres.Eunl = Eunl;

State.Pres.eunl = eunl;
State.Pres.sunl = sunl;
State.Pres.eun =eun;
State.Pres.sun = sun;

State.Pres.emax = emakx;
State.Pres.ero

= ero;
State.Pres.fro = fro;
State.Pres.ere = ere;
State.Pres.fre = fre;
State.Pres.flag =flag;
if action =='stif'
State.sig = -sig;
State.Et = Et;
else
State.sig = -sig;
end
varargout = {State};
% e e e ————— e e—
casepost’
sig = State.Past.sig;
Post.eps = State.eps(1,1);
Post.sig = sig;

end

functionf=myfun_ere(x,ff,E1,E2,f0,epl,ecu,a,b,c,d)

Post.flag = State.Past.flag;
Post.ero = State.Past.ero;
Post.fro = State.Past.fro;

Post.ere = State.Past.ere;
varargout = {sig Post};
otherwise

if x<=ecu

f=ff*(x-epl)-(E1-E2)*x/(1+((E1-E2)*x/f0)"1.5)"/1.5)-E2*X;
elseifx>ecu && x<=1.01*ecu

f=ff*(x-epl)- (a+b*(x-ecu)+c*(x-ecu)2+d*(x-er3);

else% ere>1.01*ecu
f=ff*(x-epl);

end
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